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The  goal  of  this  proposal  was  to  provide  a  basic  understanding  of  the  dehalogenating 
processes  extant  in  coastal  sediments  using  PCBs  as  a  model  system.  An  understanding 
of  the  anaerobic  microbial  physiology  involved  in  such  a  process  will  ultimately 
provide  information  on  the  factors  that  enhance  and  limit  the  process,  and  enable  us 
to  determine  which  portion  of  the  degradative  process  would  be  potentially  amenable 
to  biotechnological  enhancement.  Milestones  of  this  research  include:  i)discovery  of 
meta  and  ortho  dechlorination  of  Aroclor  1260,  ii)  development  of  the  first  defined 
microbial  population  that  reproducibly  ortho-dechlorinates  PCB  congeners,  iii) 
development  of  additional  cultures  which  specifically  para-  or  meta-dechlorinate 
PCBs;  iv) development  of  the  first  anaerobic  cultures  that  reduct ively  ortho— and 
para-dechlorinate  PCBs  in  a  completely  defined  medium  in  the  absence  of  sediment; 
and  V)  16s  rDNA-based  phylogenetic  characterization  of  individual  species  in  ortho-, 
para-,  and  meta-PCB-dechlorinating  cultures.  As  a  result  of  developments  in  this 
project,  we  have  demonstrated  that  by  combining  enrichment  techniques  with  molecular 
monitoring  it  is  now  possible  to  develop  highly  defined  and  selective  PCB- 
dechlorinat ing  microbial  populations  in  a  defined  minimal  medium. 
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OBJECTIVE ;  The  goal  of  this  proposal  was  to  provide  a  basic  understanding  of 
the  dehalogenating  processes  extant  in  coastal  sediments  using  PCBs  as  a  model 
system.  An  understanding  of  the  anaerobic  microbial  physiology  involved  in 
such  a  process  will  ultimately  provide  information  on  the  factors  that  enhance 
and  limit  the  process.  Results  of  this  research  will  enable  us  to  screen  for 
PCB-dechlorinating  potential  in  sediments  using  species-specific  probes,  and 
enable  us  to  determine  which  portion  of  the  degradative  process  would  be 
potentially  amenable  to  biotechnological  enhancement.  An  understanding  of 
microbial  processes  that  catalyze  PCB  dechlorination  will  also  facilitate  Navy 
management  decisions  concerning  both  remedial  site  prioritization  and 
appropriate  remedial  strategies. 

APPROACH :  In  a  collaborative  effort  between  Pis  at  the  University  of  Maryland 
Biotechnology  Institute  and  Medical  University  of  South  Carolina,  classical 
enrichment  culture  techniques  were  combined  with  16S  rDNA  gene  probe  molecular 
monitoring  to  develop  highly  defined  PCB  dechlorinating  consortia  of 
microorganisms.  By  using  single  congeners  and  selective  inhibitors  to  enrich 
for  individual  dechlorinating  species,  the  Pis  have  identified  a  number  of 
microbes  that  are  associated  with  dechlorination.  Putative  dechlorinating 
species  are  currently  being  isolated  for  further  physiological 
characterization. 

ACCOMPLISHMENTS :  In  the  course  of  the  past  three  years  of  ONR  funded  research, 
the  P.I.s  have  effectively  identifed  potential  PCB-dechlorinating  microbes 
without  isolation.  Milestones  of  this  research  include:  i)  discovery  of  meta 
and  ortho  dechlorination  of  Aroclor  1260,  ii)  development  of  the  first  defined 
microbial  population  that  reproducibly  ortho-dechlorinates  PCB  congeners,  iii) 
development  of  additional  cultures  that  specifically  para-  or  meta- 
dechlorinate  PCBs;  iv)  development  of  the  first  anaerobic  cultures  that 
reduct ively  ortho-  and  para-dechlorinate  PCBs  in  a  completely  defined  medium 
in  the  absence  of  sediment;  and  v)  16s  rDNA-based  phylogenetic 
characterization  of  individual  species  in  ortho-,  para-,  and  ;neta-PCB- 
dechlorinating  cultures. 


CONCLUSIONS;  As  a  result  of  developments  in  this  project,  we  have  demonstrated 
that  by  combining  enrichment  techniques  with  molecular  monitoring  it  is  now 
possible  to  develop  highly  defined  and  selective  PCB-dechlorinating  microbial 
populations  in  a  defined  minimal  medium.  This  approach  will  enable  us  to 
isolate  species  that  catalyze  PCB  dechlorination  by  minimizing  competition 
with  faster  growing  non-PCB  dechlorinating  microbes.  Ultimately,  isolation  of 
the  PCB-dechlorinating  microorganisms  will  enable  us  to:  i)  determine 
physiological  parameters  that  enhance  or  limit  the  dechlorination  process;  and 
ii)  design  species-specific  molecular  probes  to  screen  for  PCB-dechlorinating 
potential  in  cultures  and  in  situ. 
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Bacterial  enrichment  cultures  developed  with  Baltimore  Harbor  (BH)  sediments  were  found  to  reductively 
dechlorinate  2,3,5,6-tetrachlorobiphenyl  (2,3,5,6-CB)  when  incubated  in  a  minimal  estuarine  medium  contain¬ 
ing  short-chain  fatty  acids  under  anaerobic  conditions  with  and  without  the  addition  of  sediment.  Primaiy 
enrichment  cultures  formed  both  meta  and  ortho  dechlorination  products  from  2,3,5,6-CB,  The  lag  time  pre¬ 
ceding  dechlorination  decreased  from  30  to  less  than  20  days  as  the  cultures  were  sequentially  transferred  into 
estuarine  medium  containing  dried,  sterile  BH  sediment.  In  addition,  only  ortho  dechlorination  was  observed 
following  transfer  of  the  cultures.  Sequential  transfer  into  medium  without  added  sediment  also  resulted  in  the 
development  of  a  strict  o/tyio-dechlorinating  culture  following  a  lag  of  more  than  100  days.  Upon  further  trans¬ 
fer  into  the  minimal  medium  without  sediment,  the  lag  time  decreased  to  less  than  50  days.  At  this  stage  all 
cultures,  regardless  of  the  presence  of  sediment,  would  produce  2,3,5-CB  and  3,5-CB  from  2,3,5,6-CB.  The  strict 
orf/ro-dechlorinating  activity  in  the  sediment-free  cultures  has  remained  stable  for  more  than  1  year  through 
several  transfers.  These  results  reveal  that  the  classical  microbial  enrichment  technique  using  a  minimal  medium 
with  a  single  polychlorinated  biphenyl  (PCB)  congener  selected  for  ortho  dechlorination  of  2,3,5,6-CB.  Furthermore, 
this  is  the  first  report  of  sustained  anaerobic  PCB  dechlorination  in  the  complete  absence  of  soil  or  sediment. 


Anaerobic  dechlorination  of  polychlorinated  biphenyls 
(PCBs)  has  been  demonstrated  in  situ  and  with  laboratory 
microcosms  containing  sediment  (reviewed  in  reference  la). 
However,  sustained  PCB  dechlorination  has  never  been  shown 
to  occur  in  the  absence  of  soil  or  sediments.  Morris  et  al.  (6) 
demonstrated  a  sediment  requirement  for  the  stimulation  of 
PCB  dechlorination  within  freshwater  sediment  slurries.  Wu 
and  Wiegel  have  recently  described  PCB-dechlorinating  en¬ 
richments  which  required  soil  for  the  successful  transfer  of 
PCB-dechlorinating  activity  (9).  In  addition,  no  anaerobic  mi¬ 
croorganisms  that  dechlorinate  PCBs  have  been  isolated  or 
characterized,  and  this  may  be  due  in  part  to  the  soil  or  sedi¬ 
ment  requirement.  The  inability  to  isolate  dechlorinating  or¬ 
ganisms  or  maintain  dechlorination  without  sediment  has  lim¬ 
ited  biogeochemical  and  physiological  investigations  into  the 
mechanisms  of  PCB  dechlorination. 

Dechlorination  (pnho,  meta,  and  para)  of  single  PCB  con¬ 
geners  has  been  observed  following  anaerobic  incubation  of 
Baltimore  Harbor  (BH)  sediment  under  estuarine  or  marine 
conditions  (2).  While  sediments  from  several  sites  within  BH 
are  contaminated  with  PCBs  (1,  5),  background  contamination 
of  sediment  is  not  necessarily  a  prerequisite  for  the  develop¬ 
ment  of  PCB  dechlorination  in  laboratory  microcosms.  Wu  et 
al.  (8)  recently  demonstrated  meta  and  ortho  dechlorination  of 
Aroclor  1260  when  it  was  added  to  the  same  BH  sediments. 
These  results  showed  that  more  than  one  dechlorinating  activ¬ 
ity  could  be  developed  with  these  sediments.  It  has  been  pro¬ 
posed  that  discrete  microbial  populations  are  responsible  for 
specific  PCB  dechlorinations  (la).  Consistent  with  this  idea, 
the  ortho  dechlorination  observed  with  BH  sediments  may  be 
catalyzed  by  discrete  microbial  populations.  In  addition,  these 
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organisms  may  be  able  to  couple  PCB  dechlorination  with 
growth.  Therefore  we  have  attempted  to  select  for  ortho 
PCB-dechlorinating  organisms  by  enrichment  under  mini¬ 
mal  conditions  with  high  levels  of  2,3,5,6-tetrachlorobiphenyl. 
We  also  speculated  that  given  the  proper  conditions,  a  PCB- 
dechlorinating  population  could  be  maintained  in  an  actively 
dechlorinating  state  in  the  absence  of  sediment.  Here  we  re¬ 
port  that  a  distinct  PCB-dechlorinating  activity,  namely,  ortho 
dechlorination,  was  selected  for  through  sequential  transfer 
initiated  with  sediments  from  BH  and  sustained  in  the  absence 
of  soil  or  sediment.  This  is  the  first  report  of  sustained  anaer¬ 
obic  PCB-dechlorinating  activity  in  the  total  absence  of  sediment. 

MATERIALS  AND  METHODS 

Sediment  samples.  Sediment  samples  were  collected  with  a  petite  Ponar  grab 
sampler  from  a  subsurface  depth  of  9,1  m  in  the  northwest  branch  of  BH 
(39°16.8'N,  76°36.rW).  An  oily  slick  and  gas  bubbles  formed  at  the  surface 
immediately  after  the  sampler  disturbed  the  sediments.  Sediments  had  a  black 
coloration,  a  gelatinous  texture,  and  a  strong  petroleum  odor.  The  combined 
contents  of  the  sampler  were  transferred  to  0.95-Iiler  canning  jars  (Ball  Corpo¬ 
ration.  El  Paso,  Tex.).  The  jars  were  filled  to  the  top  and  immediately  sealed  with 
dome  tops  and  ring  seals  to  exclude  air.  The  samples  were  stored  at  ambient 
temperature  in  the  dark  prior  to  use. 

Culture  conditions.  All  sterile  media  in  these  experiments  included  an  estua¬ 
rine  salts  medium  without  sulfate  (E-Cl)  and  were  prepared  anaerobically  in  an 
atmosphere  that  contained  N^-CO^  (4:1)  as  previously  described  by  Berkaw  et  al. 
(2).  Briefly,  the  medium  contained  the  following  constituents,  in  grams  per  liter 
of  demineralized  water:  Na->C03,  3.0;  Na2HP04.  0.6;  NH4CI,  0.5;  cysteine-HCl  • 
H.O,  0.25;  Na^S  ■  9H2O,  0.25;  MgCU  •  6H2O,  0.1;  CaCU  •  6H2O,  0.1:  and 
resazurin,  0.001.  In  addition,  vitamin  and  trace  element  solutions  {Wc  [vol/vol] 
each)  were  added  (7).  The  final  pH  of  the  medium  was  6.8.  Media  were  dis¬ 
pensed  into  anaerobic  culture  tubes  (18  by  160  mm;  Bellco  Glass,  Inc,,  Vineland. 
N.J.)  or  150-ml  serum  bottles  (Wheaton.  Millville,  N.J.)  sealed  with  Teflon-lined 
butyl  stoppers  (The  West  Co.,  Lionville,  Pa.)  that  were  secured  with  aluminum 
crimp  seals  (Wheaton). 

Primary  sediment  enrichment  cultures  were  generated  in  culture  tubes  by 
adding  2  ml  of  BH  sediment  to  8  ml  of  sterile  E-Cl  medium  (approximately  59i. 
wtA^ol  [dry  weight],  sediment  concentration),  plus  a  mixture  of  sodium  acetate, 
propionate,  and  butyrate  to  final  concentrations  of  2.5  mM  each.  Congener 
2.3,5,6-tetrachlorobiphenyl  (2,3,5,6-CB)  was  solubilized  in  acetone  and  added  to 
each  culture  to  a  final  concentration  of  173  jxM  (50  ppm),  and  this  resulted  in  a 
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FIG.  1.  Dechlorination  of  2,3,5,6-CB  by  a  primary  enrichment  culture  with 
BH  sediment  (5.0%,  wt/vol  [dry  weight]).  Mole  percent  and  chlorines-per-biphe- 
nyl  data  are  from  a  single  culture.  Symbols:  ■,  mole  percent  for  3-CB;  O,  2,5-CB; 
•,  2,6-CB;  A,  3,5-CB;  O,  2,3,5-CB;  ♦,  2,3,6-CB;  and  □,  2,3,5,6-CB.  ▼,  chlorines 
per  biphenyl. 


0.1%  (vol/vol)  concentration  of  acetone.  Cultures  were  incubated  under  strict 
anaerobic  conditions  at  30"C  in  the  dark.  Killed-cell  controls  were  sterilized  in  an 
autoclave  at  12rC  for  a  total  of  3  h  (two  1.5-h  treatments).  Sequential  transfers 
of  sediment-containing  cultures  were  made  as  follows.  The  entire  sediment- 
containing  culture  was  made  into  a  suspension  by  shaking,  and  then  the  partic¬ 
ulate  matter  was  allowed  to  settle  for  approximately  1  min.  Supernatant  material 
was  then  transferred  in  order  to  minimize  the  amount  of  sediment  passed  to  the 
next  vessel.  Sequential  transfers  (10%  [vol/vol])  from  primary  enrichment  cul¬ 
tures  were  made  into  E-Cl  medium  with  dried  BH  sediment  (0.1%,  wt/vol  [dry 
weight],  unless  stated  otherwise)  that  was  then  sterilized  in  an  autoclave  at  121°C 
for  a  total  of  3  h  (two  1.5-h  treatments).  Subsequent  transfers  were  made  under 
identical  conditions  every  2  to  5  months.  Sequential  transfers  (10%  [vol/vol])  for 
the  establishment  of  sediment-free  cultures  were  made  every  2  to  5  months  into 
identical  media  without  sediment.  Following  the  first  two  transfers,  the  amount 
of  sediment  passed  was  negligible. 

Spectrophotometric  analysis.  Growth  in  sediment-free  cultures  was  monitored 
by  measuring  the  increase  in  optical  density  at  600  nm  (ODf,nf))  with  a  Spectronic 
20D  spectrophotometer  (Milton  Roy,  Rochester,  N.Y.). 

Sampling  and  PCB  analysis.  Aliquots  were  withdrawn  anaerobically  once  at 
each  time  point  from  shaken  cultures  by  using  the  reverse  end  of  a  5-ml  glass 
pipette  (front  end  for  sediment-free  samples).  Samples  were  extracted  in  ethyl 
acetate  and  passed  over  a  Florisil-copper  column  as  previously  described  by 
Berkaw  et  al.  (2).  Analysis  was  conducted  with  a  Hewlett-Packard  5890A  gas 
chromatograph  (GC)  equipped  with  an  electron  capture  detector  (ECD)  and  an 
RTX-1  capillary  column  as  previously  described  (2).  Standards  for  2-,  3-,  4-,  2,3-, 
2,5-,  2,6-,  3,5-,  2,3,5-,  2,3,6-  and  2,3,5,6-CB  were  purchased  from  AccuStandard 
(New  Haven.  Conn.).  PCB  congeners  were  identified  by  retention  time  and 
quantified  with  a  i6-point  calibration  curve  for  each  congener  according  to  the 
method  of  Berkaw  et  al.  (2). 


RESULTS  AND  DISCUSSION 

Selection  of  ortho  dechlorination.  Reductive  dechlorination 
of  2,3,5,6-CB  was  observed  to  occur  in  primary  enrichment 
cultures  incubated  with  BH  sediment  under  anaerobic  con¬ 
ditions.  GC-ECD  analysis  revealed  various  meta  and  ortho  de¬ 
chlorination  products.  Large  amounts  of  transient  3,5-CB, 
along  with  smaller  amounts  of  2,5-CB  and  2,6-CB,  were  ob¬ 
served,  while  3-CB  eventually  became  the  dominant  product 
(Fig.  1).  No  dechlorination  products  were  ever  observed  in 
killed-cell  controls  (sterilized  sediment  and  media)  or  no-in- 
oculum  controls. 

Sequential  transfers  (10%  [vol/vol])  from  the  primary  cul¬ 
ture  were  made  into  E-Cl  medium  containing  0.1%  (wt/vol  [dry 
weight])  sterile  BH  sediment.  Selection  of  ortho  dechlorination 
reactions  with  a  loss  of  meta  reactions  was  observed  after  the 
first  transfer.  Further  transfer  resulted  in  cultures  that  exclu¬ 


sively  ortho  dechlorinated  2,3,5,6-CB  to  3,5-CB  within  50  days, 
with  2,3,5-CB  as  the  only  intermediate  detected  by  GC-ECrD 
analysis  (Fig.  2).  In  contrast  to  the  large  accumulation  of  3-CB 
observed  in  primaiy  cultures,  virtually  all  of  the  2,3,5,6-CB  was 
transformed  to  3,5-CB  in  the  transferred  cultures,  with  no 
other  end  products  observed.  This  pattern  of  strict  ortho  de¬ 
chlorination  of  the  2,3,5,6-CB  remained  the  same  through  five 
sequential  transfers  (made  once  every  3  to  5  months)  beyond 
the  primary  enrichment  cultures.  In  addition,  no  monochloro- 
biphenyl  arose,  even  after  extensive  incubation  lasting  up  to  a 
year. 

Microbial  dechlorination  of  2,3,5,6-CB  in  the  absence  of 
sediment.  Sequential  transfers  (10%  [vol/vol])  from  the  pri¬ 
mary  cultures  containing  5%  (wt/vol  [dry  weight])  BH  sedi¬ 
ment  were  made  into  E-Cl  medium  with  no  added  sediment. 
By  the  second  transfer,  the  sediment  was  no  longer  visible  to 
the  naked  eye  and  a  low  rate  of  dechlorination  was  observed. 
A  mixed  culture  dominated  by  blunt-end  rod-shaped  cells  and 
small  vibrio-shaped  cells  developed.  Each  transfer  culture  was 
started  at  an  OD^qq  between  0.01  and  0.05  and  was  transferred 
after  the  OD500  was  >0.1,  regardless  of  the  degree  of  dechlo- 
rinating  activity.  Congener  2,3,5,6-CB  was  added  to  a  final 
concentration  of  173  jxM,  which  is  significantly  abu^e  its  a^ur 
ous  solubility  limit  (3).  However,  reasonable  recoveries  of  the 
PCB,  80%  on  average,  could  be  made  by  vigorously  mixing  the 
culture  with  a  pipette  before  sampling.  It  was  assumed  that  the 
PCBs  were  sorbing  to  or  partitioning  into  the  biomass. 

The  objective  at  this  point  was  to  detect  a  significant  amount 
of  dechlorination  product  in  the  sediment-free  culture  series. 
Significant  amounts  (mole  percent)  of  2,3,5-CB  and  3,5,-CB 
began  to  accumulate  in  the  fourth-sequential-transfer  cultures 
following  extensive  incubation  (Fig.  3).  After  more  than  200 
days,  when  ortho  dechlorination  had  been  clearly  established 
and  the  culture  had  become  more  turbid  (OD^qo  >  0.2).  these 
sediment-free  cultures  were  transferred  again.  This  fifth-se¬ 
quential-transfer  culture  had  a  shortened  lag  time  of  less  than 
50  days  (Fig.  3).  No  dechlorination  was  observed  with  sterile 
(killed-cell)  or  no-inoculum  controls.  Only  ortho  dechlorina¬ 
tion  of  the  2,3,5,6-CB  to  2,3,5-CB  and  3,5-CB  was  observed  at 
all  times  with  all  of  these  cultures.  Since  the  establishment  of 
stable  dechlorination,  we  have  been  able  to  routinely  transfer 


Days 

FIG.  2.  Dechlorination  of  2,3,5,6-CB  after  the  first  transfer  of  the  superna¬ 
tant  from  the  primary  enrichment  culture  into  E-Cl  medium  with  BH  sediment 
(0,1%  wt/vol  [dry  weight]).  Mole  percent  and  chlorines-per-biphenyl  data  are 
from  a  single  culture.  Symbols:  ■,  mole  percent  for  3-CB;  C,  3.5-CB:  O,  2.3.5- 
CB;  and  □,  2,3,5,6-CB.  ▼,  chlorines  per  biphenyl. 
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FIG.  3.  Chlorines-per-biphenyl  data  for  fourth-  and  fifth-sequential-transfer 
cultures  without  sediment.  Mole  percent  data  are  given  for  the  fourth-transfer 
culture.  All  data  are  given  as  the  averages  from  duplicate  cultures.  Symbols;  O, 
mole  percent  for  3,5-CB;  O,  2,3,5-CB;  and  O,  2,3,5,6-CB,  T,  chlorines  per 
biphenyl  of  fourth-sequential-transfer  culture;  A,  chlorines  per  biphenyl  o.  rifth- 
sequential-transfer  culture. 


FIG.  5.  Cultures  with  2,3,5,6-CB  and  1.0%  (O),  0.1%  (A),  and  0.05%  (  ' ) 
(wt/vol  [dry  weight])  sterilized  BH  sediment.  Supernatant  from  a  5.0%  sediment 
culture  was  sequentially  transferred  with  1.0,  0.1,  and  0.05%  (vvt/vol  [dry  weight]) 
BH  sediment  in  E-Cl  medium,  incubated  for  4  months,  and  transferred  again 
under  identical  conditions.  The  data  presented  represent  the  second  set  of 
transferred  cultures.  The  chlorines-per-biphenyl  data  for  the  killed-cell  control 
with  1.0%  sterilized  BH  sediment  are  for  a  single  culture  (♦).  The  data  from  the 
live  BH  cultures  are  the  average  of  duplicates. 


these  cultures  into  identical  sediment-free  media  and  still 
maintain  dechlorinating  activity. 

The  appearance  of  dechlorination  at  the  fourth  transfer  of 
the  sediment-free  cultures  after  an  incubation  period  exceed¬ 
ing  that  of  earlier  cultures  in  the  transfer  series  suggests  that 
the  transfers  were  made  too  quickly  (at  low  cell  density)  during 
the  early  part  of  the  enrichment  process.  OD  data  for  a  later 
set  of  active  sediment-free  cultures  (Fig.  4)  revealed  that  sig¬ 
nificant  dechlorination  does  not  occur  until  the  OD^^n  exceeds 
0.2.  This  observation  supports  our  conclusion  that  the  ability  to 
maintain  good  dechlorination  earlier  on  in  the  sediment-free 
enrichment  series  was  hindered  by  premature  transfer  of  the 
cultures  at  low  turbidity.  Perhaps  the  earlier  transfers  at  lower 
turbidity  had  prevented  the  development  of  hearty  dechlori¬ 
nating  cultures  and  sustainability  was  simply  an  issue  of  low 
numbers  of  dechlorinators  among  the  total  population.  The 
possibility  that  the  organisms  responsible  for  the  dechlorina¬ 
tion  needed  an  extensive  amount  of  time  to  adjust  to  the 
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FIG.  4.  OD  (O)  and  chlorines-per-biphenyl  (•)  data  from  duplicate  fifth- 
sequential-transfer  cultures  without  sediment. 


altered  conditions  (lack  of  sediment)  before  being  able  to  carry 
out  the  dechlorination  also  exists.  This  latter  possibility  may  be 
associated  with  the  uptake  (availability)  of  the  PCB  or  supply 
of  a  nutrient.  It  is  also  possible  that  during  this  lengthy  process 
we  enriched  for  a  prototroph  that  no  longer  requires  a  com¬ 
ponent  of  the  sediment  in  order  to  dechlorinate  a  PCB. 

Sediment  stimulation  of  ortho  dechlorination.  The  above 
results  demonstrate  that  ortho  dechlorination  is  independent 
of  the  sediment.  However,  several  results  show  the  sediment  to 
have  a  stimulatory  effect.  The  first  suggestion  of  this  was  ob¬ 
served  with  the  decrease  in  the  rate  and  extent  of  ortho  de¬ 
chlorination  that  accompanied  the  shift  from  meta-and-ortho 
to  strictly  ortho  dechlorination  (Fig.  1  and  2).  This  occurred 
after  a  primary  culture  had  been  transferred  to  a  medium  with 
far  less  sediment  (5.0  to  0.1%,  wt/vol  [dry  weight]).  This  change 
in  activity  could  have  been  due  to  the  decrease  in  the  amount 
of  sediment  present.  To  examine  this,  a  range  of  sediment 
concentrations  was  tested  under  the  conditions  described 
above.  In  order  to  be  certain  of  the  sediment  concentration, 
the  supernatant  from  the  primary  culture  was  transferred  (10% 
[vol/vol])  into  vessels  containing  E-Cl  medium  with  the  differ¬ 
ent  amounts  of  BH  sediment  to  be  tested.  After  4  months  of 
incubation,  transfers  were  made  from  these  cultures  into  iden¬ 
tical  medium  and  the  results  of  this  second  set  of  cultures  are 
presented  in  Fig.  5.  While  dechlorinating  activity  could  be 
maintained  regardless  of  the  sediment  concentration,  the  lag 
preceding  dechlorination  increased  to  more  than  100  days 
when  the  sediment  concentration  was  lowered  to  0.05%  (dry 
wt).  The  cultures  incubated  with  1.0%  (dry  wt)  sediment  ex¬ 
hibited  a  higher  rate  of  dechlorination  and  a  shorter  lag  time 
than  did  those  incubated  with  lesser  amounts  of  sediment. 
Killed-cell  controls  (sterilized  sediment  cultures)  exhibited  no 
dechlorination.  From  a  qualitative  perspective,  dechlorination 
did  not  change  with  sediment  concentration  and  remained 
strictly  ortho.  Additional  experiments  with  sediment-free  cul¬ 
tures  also  demonstrated  that  the  sediment  could  be  stimula¬ 
tory.  Pre-dechlorination  sediment-free  cultures  (in  this  case  the 
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FIG.  6.  Effect  of  sediment  added  to  a  pre-dechiorination  sediment-free  cul¬ 
ture.  The  fourth-sequential-transfer  sediment-free  cultures  (prc-dechlorination) 
were  transferred  to  medium  with  (□)  and  without  (O)  1.0^  sterilized  BH 
sediment.  •,  killed-cell  control.  All  data  are  for  triplicate  cultures.  Error  bars 
indicate  standard  deviations. 


fourth  sequential  sediment-free  transfer  cultures  before  the  on¬ 
set  of  dechlorination)  were  transferred  into  E-CI  medium  with 
and  without  1.0%  (dry  weight)  BH  sediment  (sterile).  The 
pre-dechlorination  transfer  cultures  with  sediment  showed  a 
quicker  recovery  of  dechlorination  than  did  transfer  cultures 
maintained  without  sediment  (Fig.  6).  Once  again,  no  dechlo¬ 
rination  was  observed  with  killed-cell  controls.  This  confirmed 
the  existence  of  a  factor(s)  in  the  sediment  that  was  stimulatory 
but  not  required  for  dechlorination. 

The  mode  of  action  of  the  sediment  stimulation  of  PCB 
dechlorination  has  not  been  determined.  Humic  acids  (Aldrich 
Chemical  Co.,  Milwaukee,  Wis.,  and  other  sources)  and  an- 
thraquinone-2,6-disulfonic  acid  (AQDS)  have  been  shown  to 
act  as  intermediate  electron  acceptors  in  the  facilitation  of 
biological  Fe"^^  reduction  (4).  Similarly,  humic  substances  or 
AQDS  might  stimulate  ortho  PCB  dechlorination.  However, 
substitution  of  two  different  commercial  humic  acids  at  0.1% 
(wt/vol  [dry  weight])  (Burlington  Chemical  Co.,  Long  Island, 
N.Y.,  and  Aldrich  Chemical  Co.)  or  3  mM  AQDS  (Aldrich 
Chemical  Co.)  did  not  provide  the  same  degree  of  stimulation 
of  PCB  dechlorination  to  the  cultures  as  BH  sediment  (data 
not  shown).  In  fact,  the  Aldrich  humic  acids  and  the  AQDS 
completely  inhibited  dechlorination.  The  results  from  these  ex¬ 
periments  do  not  define  the  stimulatory  role  of  the  sediment, 
but  they  do  demonstrate  the  utility  of  the  sediment-free  cul¬ 
tures  in  addressing  such  questions.  Other  possible  roles  for  the 
BH  sediment  include  stimulation  due  to  additional  carbon  and 
energy  or  micronutrients,  facilitation  of  the  availability  of  the 
PCB  to  the  microorganisms  (this  could  also  prevent  toxicity  due 
to  PCBs),  supply  of  a  more  suitable  attachment  site  for  micro¬ 
bial  colonization,  or  supply  of  an  extracellular  catalytic  inter¬ 
mediate  similar  to  AQDS  which  may  facilitate  the  dechlorination. 

Concluding  remarks.  PCB  dechlorination  can  occur  in  the 
absence  of  sediment,  albeit  more  slowly  than  with  sediment, 
indicating  that  whatever  is  contributed  by  the  sediment  is  not 
essential  or  irreplaceable.  We  have  now  been  able  to  sequen¬ 
tially  transfer  the  c>rr/z(?-dechlorinating  culture  eight  times  over 
a  33-month  period  in  the  minimal,  sediment-free  medium  de¬ 
scribed  here.  Further,  with  the  use  of  nearly  identical  enrich¬ 
ment  procedures  and  patience,  we  have  recently  established 


enrichment  cultures  which  actively  para  dechlorinate  2, 3.4.5- 
CB  in  the  absence  of  sediment.  These  cultures  are  incapable  of 
dechlorinating  2,3.5, 6-CB.  We  are  still  pursuing  a  ;?;cr^^-dechlo- 
rinating  sediment-free  enrichment  culture. 

Perhaps  the  most  significant  contribution  of  the  findings 
presented  here  is  that  the  sediment-free  cultures  offer  oppor¬ 
tunities  to  address  questions  of  mechanism,  cell  structure,  and 
identity  that  were  not  approachable  in  the  past.  For  example, 
with  the  ability  to  make  microscopic  observation  and  deter¬ 
mine  OD,  etc.,  questions  concerning  growth  and  whether  it  can 
be  coupled  to  PCB  dechlorination  can  now  be  more  easily 
addressed.  Isolation  and  characterization  of  the  microorgan¬ 
isms  present  in  these  cultures  can  now  proceed  at  a  faster  pace 
since  the  organisms  are  in  a  defined  medium.  We  are  taking 
advantage  of  this  by  investigating  a  broader  group  of  electron 
donors  and  acceptors,  individually,  without  interference  from 
unknown  substances  in  the  sediment  while  monitoring  the  mi¬ 
crobial  population  through  molecular  identification. 

The  development  of  the  actively  dechlorinating  sediment- 
free  cultures  provides  a  unique  opportunity  for  further  exper¬ 
imentation  concerning  the  identification  of  the  stimulating  fac¬ 
tors  in  the  sediment.  In  addition,  the  sediment-free  cultures 
can  act  as  a  model  system  to  investigate  biochemical  and  geo¬ 
chemical  mechanisms  internal  and  external  to  the  cell  which 
may  contribute  to  PCB  dechlorination.  Finally,  studies  of  how 
to  grow  these  organisms  free  of  soil  or  sediment  may  lead  to 
the  ability  to  mass  culture  such  organisms.  This  is  needed  in 
order  to  advance  investigation  of  the  biochemical  mechanism 
of  PCB  dechlorination  and  could  also  be  important  for  bio¬ 
augmentation  studies  of  PCB-contaminated  sediments. 
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Reductive  dechlorination  of  the  ortho  moiety  of  polychlorinated  biphenyls  (PCBs)  as  well  as  of  meta  and  para 
moieties  is  shown  to  occur  in  anaerobic  enrichments  of  Baltimore  Harbor  sediments.  These  estuarine  sedi- 
ments  ortho  dechlorinated  2,3,5,6-chlorinated  biphenyl  (CB),  2,34-CB,  and  2,3,6-CB  In  freshwater  or  estuarine 
media  within  a  relatively  short  period  of  25  to  44  days,  ortho  dechlonnation  developed  within  77  days  in  inarine 
medium.  High  levels  of  ortho  dechlorination  (>90%)  occurred  when  harbor  sediments  were  supplied  with  only 
2,3,5-CB.  Incubation  with  2^,4,5,6-CB  or  2,3,4,5-CB  resulted  in  the  formation  of  the  ortho  dechlorination 
product  3,5-CB;  however,  pam  dechlorination  of  these  congeners  always  preceded  ortho  chlonne  removal,  ortho 
dechlorination  of  PCBs  is  an  exceedingly  rare  event  that  has  not  been  reported  previously  for  manne  or 
estuarine  conditions.  The  activity  was  reproducible  and  could  be  sustained  through  sequential  transfers.  In 
contrast,  freshwater  sediments  incubated  under  the  same  conditions  exhibited  only  meta  and  para  dechlori¬ 
nations.  The  results  indicate  that  unique  anaerobic  dechlorinating  activity  is  catalyzed  by  microorganisms  in 
the  estuarine  sediments  from  Baltimore  Harbor. 


Because  of  their  widespread  use,  stability,  improper  dis¬ 
posal,  and  potential  toxicity,  polychlorinated  biphenyls  (PCBs) 
remain  a  ubiquitous  environmental  concern  (8,  12,  25,  26,  30) 
with  an  estimated  10  million  tons  (1  ton  =  ca.  906  kg),  equiv¬ 
alent  to  one-third  of  the  total  worldwide  production,  having 
been  released  into  the  environment  (9).  PCBs  are  highly  hy¬ 
drophobic  and  strongly  associate  with  organic  carbon,  clays, 
and  silt  that  settle  into  the  anaerobic  regions  of  sediments. 
Estuarine  and  marine  sediments  are  the  ultimate  global  sinks 
for  worldwide  accumulation  of  PCBs  sorbed  to  particulate 
material  (13),  and  environmental  transformations  of  PCBs  in 
estuarine  sediments  have  been  documented  (6,  15,  16).  How¬ 
ever,  our  understanding  of  the  biological  PCB  transformation 
potential  in  marine  and  estuarine  environments,  particularly 
in  anaerobic  sediments  where  these  compounds  would  be  prev¬ 
alent,  is  limited.  The  nature  of  estuarine  and  marine  envi¬ 
ronments  should  make  them  particularly  well  suited  for  trans¬ 
formations  of  halogenated  xenobiotics,  including  PCBs. 
Biogenically  synthesized  halogenated  compounds,  primarily  in 
the  form  of  brominated  aliphatic  and  aromatic  hydrocarbons, 
are  ubiquitous  among  marine  organisms  ranging  from  eubac- 
teria  and  algae  to  metazoans  and  hemichordates  (10),  Some 
species  in  the  class  Rhodophyceae  are  reported  to  accumulate 
organohalides  at  concentrations  of  up  to  5%  (dry  weight)  (11). 
Although  brominated  hydrocarbons  are  more  prolific,  many 
chlorinated  substitutions  have  also  been  reported  (10).  Since 
these  halogenated  organic  compounds  do  not  continue  to  ac¬ 
cumulate  in  the  environment,  it  is  likely  that  some  processes 
must  be  transforming  them. 

In  freshwater  sediments,  anaerobic  reductive  dechlorination 
of  PCBs  at  all  positions  on  the  biphenyl  ring  has  been  reported 
(for  a  review  of  anaerobic  dechlorination  of  PCBs,  see  refer¬ 
ence  4).  However,  reductive  ortho  dechlorination  under  fresh¬ 
water  conditions  has  rarely  been  observed,  and  sustaining  such 
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activity  is  reported  to  be  difficult  (32,  33).  Anaerobic  PCB 
dechlorination  has  been  shown  to  occur  in  estuarine  sediments 
(6)  and  has  been  demonstrated  in  the  laboratory  under  estu¬ 
arine  and  marine  conditions  (2,  21),  but  the  dechlorination  is 
slow  and  not  extensive,  ortho  dechlorination  has  not  been  re¬ 
ported  to  occur  in  estuarine  or  marine  sediments.  Herein, 
anaerobic  PCB-dechlorinating  activities  of  Baltimore  Harbor 
(BH)  sediments  are  characterized  in  marine,  estuarine,  and 
freshwater  enrichment  media.  Dechlorination  of  the  ortho  po¬ 
sitions  in  addition  to  para  and  meta  positions  of  PCBs  is  de¬ 
scribed. 


MATERIALS  AND  METHODS 

Sediment  sample.  Core  samples  (41  by  5  cm)  of  sediment  were  taken  8  m 
below  the  surface  water  in  the  Inner  Harbor  of  Baltimore,  Md.  BH  sediments 
were  black  in  color,  gelatinous  in  texture,  and  had  a  strong  petroleum  odor.  The 
salinity  of  the  water  column  immediately  above  the  sediments  was  10  ppt  at  the 
time  of  sampling.  The  lower  30  cm  of  sediment  was  immediately  transferred  to 
a  glass  container  that  had  been  purged  with  nitrogen.  Sodium  sulfide  nonahy- 
drate  was  added  to  a  final  concentration  of  0.018%  (wt/vol),  and  the  vessel  was 
sc  aled  under  nitrogen  with  a  butyl  rubber  stopper.  The  sediment  sample  was 
stored  at  room  temperature  in  the  dark  prior  to  use.  Hudson  River  H7  sediments 
were  graciously  supplied  by  General  Electric  Co.  (Schenectady,  N.Y.)  and  stored 

as  described  above.  j  u  i 

Culture  conditions.  All  media  in  these  experiments  included  modified  basal 
medium  (29)  composed  of  the  following  components  in  grams  per  liter  (final 
concentration)  of  demineralized  water:  Na2C03, 3.0;  Na2HP04, 0.6;  NH4CI,  0.5, 
cysteine-Ha-H20,  0.25;  Na2S-9H20,  0.25;  resazurin,  0.001.  In  addition,  1% 
(vol/vol)  each  of  vitamin  and  trace  element  solutions  was  added  (34).  Estuarine 
medium  without  sulfate  (E-Cl  medium)  contained  the  following  components  in 
grams  per  liter  (final  concentration)  of  basal  medium:  NaCl,  8.4;  MgCls  *  6H2O, 
3.95;  KCI,  0.27;  CaCl2*2H20,  0.05.  Estuarine  salts  medium  with  sulfate  (E 
medium)  contained  the  following  components  in  grams  per  liter  (final  concen¬ 
tration)  of  basal  medium;  NaCl,  8.4;  MgS04-7H20,  4.44;  KCI,  0.27;  CaCl2  * 
2H2O,  0.05.  Marine  salts  medium  with  sulfate  (M  medium)  contained  the  fol¬ 
lowing  components  in  grams  per  liter  (final  concentration)  of  basal  medium: 
NaCl,  23.38;  MgS04  •  7H20, 12.32;  KCI,  0.76;  CaCl2  *  2H2O,  0.14.  Sterile  media 
were  prepared  anaerobically  in  an  atmosphere  that  contained  N2-CO2  (4:1)  by  a 
modification  of  the  Hungate  technique  (3).  All  gasses  were  passed  through  a 
column  of  reduced  copper  turnings  at  350°C  to  remove  traces  of  O2.  Media  (8 
ml)  were  dispensed  into  culture  tubes  (16  by  160  mm)  and  sealed  with  Teflon- 
lined  butyl  stoppers  (The  West  Co.,  Lionville,  Pa.)  secured  by  aluminum  crimp 
collars  (Bellco  Glass,  Inc.,  Vineland,  N.J.).  .  •  u 

BH  sediments  (20%  [vol/vol])  were  inoculated  into  media  and  incubated  with 
individual  PCB  congeners  at  the  following  final  concentrations  in  micromoles  per 
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TABLE  1.  Moles  percent  and  recovery  data  for  BH  sediment  incubated  with  23,4,5-CB  in  E-Cl  medium 


Enrich-  _ Mol%  (nmol  of  congener)'- _  %  Total  recovery 


menr 

2,3,4,5-CB 

2,4,5-CB 

2,3,5-CB 

3,5-CB 

2,4-CB/2,5-CB 

3-CB 

4-CB 

(nmol)^ 

1  0 

100  (92) 

0(0) 

0(0) 

0(0) 

0/0  (0/0) 

0(0) 

0(0) 

53  (92) 

30 

58-56  (64) 

4(4) 

12-11  (13) 

19-18  (21) 

8/11  (9/12) 

0(0) 

0(0) 

64-66(111-114) 

66 

32-29  (36) 

1(1) 

1(1) 

41-36  (45) 

25/33  (28/41) 

0(0) 

0(0) 

64-72(111-124) 

128 

11-9(10) 

<1  (<0.5) 

<1  (<0.5) 

53^6  (49) 

36/45  (33/48) 

0(0) 

0(0) 

53-62  (92-107) 

2  0 

100(113) 

0(0) 

0(0) 

0(0) 

0/0  (0/0) 

0(0) 

0(0) 

65(113) 

35 

41-38  (39) 

2(2) 

5(5) 

35-33  (34) 

17/23  (16/24) 

0(0) 

0(0) 

55-60  (96-104) 

35-R 

77-74  (283) 

<1(1) 

2(7) 

13  (49) 

8/11  (28/42) 

0(0) 

0(0) 

106-110  (368-382) 

54 

50-45  (102) 

2(5) 

2(4) 

23-21  (48) 

23/31  (47/70) 

0(0) 

0(0) 

60-66  (206-229) 

54-R 

67-63  (264) 

2-1  (6) 

1(5) 

16-15  (63) 

15/19  (55/81) 

0(0) 

0(0) 

76-81  (393-419) 

71 

50-45(114) 

4-3(8) 

1(2) 

15-14  (35) 

26/34  (58/85) 

2(4) 

2(5) 

44-49  (226-253) 

154 

20-16  (57) 

6-5  (16) 

1(2) 

10-9  (30) 

45/55  (131/192) 

6-5  (16) 

13-10  (36) 

55-457  (288-349) 

"  Enrichment  1  (fatty  acids  replenished)  received  173  jjlM  2,3,4,5-CB  on  day  0  and  was  replenished  with  the  fatty  acid  mixture  at  each  sampling  (see  Materials  and 
Methods  for  concentrations).  Enrichment  2  (PCB  and  fatty  acids  replenished)  received  173  (xM  2,3,4,5-CB  on  day  0  and  was  replenished  with  the  same  amount  of  PCB 
at  times  designated  with  R;  fatty  acids  were  added  to  enrichment  2  at  each  sampling. 

*  Data  are  in  moles  percent  with  the  total  nanomoles  for  each  congener  recovered  from  a  1-ml  sediment  sample  shown  in  parentheses.  Congeners  2,4-CB  and  2,5-CB 
could  not  be  chromatographically  resolved.  Therefore,  values  for  2,4-CB  and  2,5-CB  are  calculated  for  both  congeners  as  described  in  Materials  and  Methods.  All  other 
moles  percent  values  are  a  range  based  on  values  calculated  for  2,4-CB  or  2,5-CB. 

Total  recovery  is  expressed  in  a  percentage  with  the  nanomoles  recovered  shown  in  parentheses  (range  once  again  dependent  upon  2,4-CB  or  2,5-CB). 


liter:  monochlorobiphenyls,  266;  dichlorobiphenyls,  225;  trichlorobiphenyls,  195; 
tetrachlorobiphenyls,  173;  pentachlorobiphenyls,  154.  Because  of  their  low  sol¬ 
ubility  in  water,  the  congeners  were  solubilized  in  acetone  before  addition  to  the 
sediments.  The  final  concentration  of  acetone  was  0.1%  (vol/vol).  Sodium  ace¬ 
tate,  propionate,  and  butyrate  were  added  to  a  final  concentration  of  2.5  mM 
each.  Cultures  were  incubated  at  30°C  in  the  dark.  Sterile  controls  (sterilized 
sediments)  were  autoclaved  at  121°C  for  3  h. 

Sterilized  controls  with  2, 3,4, 5-,  2, 3, 5, 6-,  2,3,6-,  or  2,3,5-chlorinated  biphenyl 
(CB)  in  estuarine  medium  without  sulfate  showed  no  activity  for  up  to  128  to  154 
days.  The  percent  recoveries  of  total  PCBs  from  all  of  these  controls  (calculated 
from  seven  incubations)  were  53  ±  14  at  day  0,  60  ±  17  at  day  30,  50  ±  12  at  day 
60,  43  ±  11  at  day  91,  and  42  ±  10  at  day  128.  Similar  recoveries  were  found  in 
live  cultures  (see  Tables  1  to  4). 

Culture  sampling  and  sample  preparation.  Replicate  enrichments  were  sam¬ 
pled  once  at  each  time  point.  Cultures  were  sampled  under  O^-free  N2,  and 
samples  were  extracted  as  described  previously  (17,  22).  Briefly,  culture  tubes 
were  shaken,  and  a  I -ml  slurry  sample  was  immediately  removed  from  the 
bottom  of  the  tube  with  the  reverse  end  of  a  2-ml  glass  pipette.  PCBs  in  the 
sample  were  extracted  by  shaking  overnight  with  10  ml  of  ethyl  acetate  in  a  15-ml 
glass  vial  sealed  with  a  Teflon-lined  screw  cap.  After  extraction,  the  organic 
phase  was  passed  through  a  Florisil-copper  column. 

PCB  analysis.  PCB  congeners  were  identified  with  a  Hewlett-Packard  5890A 
gas  chromatograph  equipped  with  an  electron  capture  detector  (GC-ECD)  and 
a  RTX-1  capillary  column  (0.25  mm  by  30  m;  Restek  Corp.,  Bellefonte,  Pa.)  as 
described  by  May  et  al.  (17).  PCB  congeners  were  identified  by  retention  time, 
and  the  relative  molar  distribution  of  congeners  was  determined  from  standard 
curves  for  individual  congeners.  Sixteen-point  standard  curves  were  individually 
developed  for  each  congener.  Congeners  2,4-  and  2,5-CB  could  not  be  separated 
by  the  GC  methods  employed.  In  cases  where  2,4-  or  2,5-CB  could  be  present, 
two  calculations  were  made,  one  assuming  all  of  the  product  as  2,4-CB  and  the 
other  assuming  all  of  the  products  as  2,5-CB.  Congener  3-CB  would  shoulder 
onto  4-CB  when  both  were  present.  A  tangential  integration  was  used  to  quan¬ 
titate  both.  Identification  of  PCBs  and  biphenyl  was  confirmed  by  GC-mass 
spectrometry  (GC-MS)  with  a  Hewlett-Packard  5970  mass  selective  detector 
coupled  to  a  Hewlett-Packard  5890A  GC.  The  GC  conditions  were  identical  to 
those  described  above.  In  addition  to  the  retention  times  expressed  in  the  total 
ion  chromatographs,  mono-,  di-,  and  trichlorobiphenyls  were  identified  by  their 
respective  molecular  ions  (m/z  188,  222,  and  256)  and  fragmentation  patterns. 
Biphenyls,  monochlorobiphenyls,  and  dichlorobiphenyls  were  assayed  by  selec¬ 
tive  ion  monitoring  at  mlz  values  of  154,  188,  and  222.  The  minimum  detection 
limit  for  biphenyl  was  <10  pg  for  a  1-p.l  injection. 

Chemicals.  All  PCBs  were  obtained  at  >99%  purity  from  Accustandard  Inc., 
New  Haven,  Conn.  High-performance  liquid  chromatography  (HPLC)-grade 
ethyl  acetate  was  purchased  from  Fisher  Scientific,  Pittsburgh,  Pa.  All  other 
chemicals  were  of  reagent  grade. 

RESULTS 

ortho  dechlorination  in  estuarine  media.  Reductive  dechlo¬ 
rination  of  orr/io-positioned  chlorine  atoms  was  observed  when 
BH  sediment  was  incubated  anaerobically  in  estuarine  medium 


without  sulfate.  GC-ECD  analysis  showed  dechlorination  of 

2.3.4.5- CB  and  subsequent  formation  of  the  ortho  dechlorina¬ 
tion  product  3,5-CB  within  25  to  35  days.  Identification  of 

3.5- CB  was  based  on  the  retention  time  of  3,5-CB  and  the  fact 
that  no  other  dichlorinated  biphenyl  from  the  dechlorination 
of  2,3,4,5-CB  has  a  retention  time  near  that  of  3,5-CB.  In 
addition,  analysis  on  a  GC-MS  confirmed  that  the  peak  with 
the  same  retention  time  as  3,5-CB  had  the  same  molecular  ion 
(mjz  222)  and  fragmentation  pattern  as  3,5-CB. 

The  moles  percent  distribution  of  PCB  congeners  was  mon¬ 
itored  in  two  separate  BH  sediment  enrichments  (Table  1). 
Each  enrichment  culture  was  incubated  with  2,3,4,5-CB,  but 
only  one  of  the  cultures  was  replenished  with  2,3,4,5-CB.  Con¬ 
gener  3,4,5-CB  was  not  detected  in  either  enrichment.  1  here- 
fore,  para  dechlorination  likely  preceded  ortho  dechlorination 
and  2,3,5-CB  then  became  the  ortho  dechlorination  substrate. 
In  the  non-PCB-replenished  enrichment  (enrichment  1),  ap¬ 
proximately  90%  of  the  2,3,4,5-CB  was  transformed  within  128 
days.  Congeners  2,3,5-CB  and  2,4,5-CB  appeared  to  be  tran¬ 
sient,  with  nearly  half  of  the  parent  congener  (2,3,4,5-CB) 
eventually  being  converted  to  3,5-CB.  No  monochlorobiphenyl 
was  detected  in  the  non-PCB-replenished  enrichment.  In  the 
PCB-replenished  culture  (enrichment  2),  there  was  significant 
production  of  3,5-CB  during  the  first  35  days.  These  data 
suggest  that  ortho  dechlorination  (3,5-CB  production)  was  sus¬ 
tained.  However,  this  interpretation  is  inconclusive  because  it 
was  difficult  later  to  assess  the  production  of  the  3,5-CB  due  to 
its  conversion  to  3-CB. 

The  accumulation  of  4-CB  late  in  the  incubation  of  the 
enrichment  2  culture  (Table  1)  is  indicative  of  a  second  ortho 
dechlorination  that  likely  results  from  2,4-CB.  A  single  sepa¬ 
rate  incubation  of  BH  sediment  with  2,3,4-CB  also  resulted  in 
ortho  dechlorination  with  the  production  of  both  2,4-CB  and 
4-CB  (data  not  shown).  However,  separate  incubations  of  BH 
sediment  with  2,4-CB  and  2,4,5-CB  for  154  days  did  not  result 
in  the  formation  of  4-CB.  Congener  2-CB  was  never  detected 
in  any  of  these  enrichments.  Selective  ion  monitoring  at  mlz 
154  by  GC-MS  did  not  detect  biphenyl  in  any  of  the  enrich¬ 
ments,  indicating  that  complete  dechlorination  also  did  not 
occur.  No  activity  was  observed  in  sterile  controls  after  154 
days. 
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TABLE  2.  Moles  percent  and  recovery  data  for  BH  sediment 
incubated  with  2,3,5-CB  in  E-Cl  medium 


Enrich¬ 

ment" 

Mol%  (nmol  of  congener)^ 

%  Total 
recovery^ 

Day 

2,3,5-CB 

3,5-CB 

2,5-CB 

3-CB 

1 

0 

100(141) 

0(0) 

0(0) 

0(0) 

72  (141) 

30 

49  (75) 

51  (79) 

0(0) 

0(0) 

79  (154) 

66 

2(3) 

98(125) 

0(0) 

0(0) 

66  (128) 

128 

0(0) 

9(10) 

1(1) 

90  (97) 

55  008) 

2 

0 

100  (168) 

0(0) 

0(0) 

0(0) 

86  (168) 

35 

21  (33) 

79  (123) 

0(0) 

0(0) 

80(156) 

35-R 

51 (212) 

49  (203) 

0(0) 

0(0) 

106  (415) 

54 

15  (30) 

58  (117) 

2(5) 

24  (49) 

52  (201) 

54-R 

62  (388) 

27  (171) 

1(6) 

10(64) 

107  (629) 

71 

14  (50) 

35  (120) 

30(105) 

20  (70) 

59  (345) 

154 

9(32) 

12  (42) 

60(205) 

18  (62) 

58  (341) 

®  Enrichment  1  (fatty  acids  replenished)  received  195  p.M  2,3,5-CB  on  day  0 
and  was  replenished  with  the  fatty  acid  mixture  at  each  sampling  (see  Materials 
and  Methods  for  concentrations).  Enrichment  2  (PCB  and  fatty  acids  replen¬ 
ished)  received  195  pM  2,3»5-CB  on  day  0  and  was  replenished  with  the  same 
amount  of  PCB  at  times  designated  with  R;  fatty  acids  were  added  to  enrichment 
2  at  each  sampling.  Replenishment  was  identical  to  that  described  in  Table  1. 

*  Data  are  in  moles  percent  with  the  total  nanomoles  for  each  congener 
recovered  from  a  1-ml  sediment  sample  shown  in  parentheses. 

^  Total  recovery  is  expressed  as  a  percentage  with  the  nanomoles  recovered 
shown  in  parentheses. 


The  data  from  dechlorination  of  2,3,4,5-CB  suggest  that 

2,3,5-CB  is  a  substrate  for  ortho  dechlorination.  Moles  percent 
analyses  of  two  separate  enrichments  show  that  ortho  dechlo¬ 
rination  of  2,3,5-CB  is  heavily  favored  in  the  reductive  dechlo¬ 
rination  of  this  congener  (Table  2).  ortho  dechlorination  was 
sustained  in  an  enrichment  replenished  with  2,3,5-CB  (enrich¬ 
ment  2).  Only  when  an  enrichment  was  replenished  did  meta 
dechlorination  of  2,3,5-CB  to  2,5-CB  develop.  This  was  con¬ 
firmed  in  enrichment  1  by  the  addition  of  2,3,5-CB  after  128 
days  (data  not  shown).  Congener  3-CB  accumulated  in  both 
enrichments  after  extended  incubation.  Selective  ion  monitor¬ 
ing  for  m!z  188  by  GC-MS  confirmed  the  presence  of  a  mono- 
chlorinated  biphenyl  that  elutes  at  the  retention  time  of  3-CB. 
The  formation  of  3-CB  may  have  resulted  from  meta  dechlo¬ 
rination  of  3,5-CB  or  ortho  dechlorination  of  2,5-CB.  However, 
separate  incubations  of  BH  sediment  with  2,5-CB  showed  no 


dechlorination  after  154  days,  and  incubations  with  3,5  CB 
resulted  in  the  formation  of  3-CB.  Biphenyl  was  not  detected 
by  selective  ion  monitoring.  These  observations  suggest  that 
the  formation  of  3-CB  from  2,3,5-CB,  and  possibly  from 

2.3.4.5- CB,  results  from  the  sequential  dechlorination  of  the 
ortho  moiety  followed  by  meta  dechlorination.  The  accumula¬ 
tion  of  high  amounts  of  2,5-CB  in  enrichment  2,  after  2,3,5-CB 
had  been  depleted  to  low  levels  and  high  amounts  of  3,5-CB 
had  previously  accumulated,  is  an  anomaly  that  cannot  be 
explained  at  this  time.  Total  extraction  of  the  entire  enrich¬ 
ment  culture  (two  ethyl  acetate  and  two  hexane  acetone  ex¬ 
tractions)  after  328  days  of  incubation  recovered  42%  of  the 
added  PCBs  and  the  moles  percent  distribution  (2,3,5-CB,  2; 

3.5- CB,  14;  2,5-CB,  62;  3-CB,  22)  remained  relatively  the  same 
as  that  at  154  days. 

Expanding  the  survey  to  include  incubations  of  BH  sedi¬ 
ments  with  other  individual  PCB  congeners  resulted  in  the 
discovery  of  two  other  ortho  dechlorinations.  The  tetrachloro- 
biphenyl  2,3,5, 6-CB  was  both  meta  and  ortho  dechlorinated. 
Table  3  shows  the  moles  percent  distributions  from  two  sepa¬ 
rate  enrichment  cultures.  The  accumulation  of  ortho  dechlori¬ 
nation  products  2,3,5-  and  3,5-CB  was  dominant  early  on  in  the 
non-PCB-replenished  enrichment.  Congener  3-CB  was  the 
major  product  at  day  128  in  this  enrichment  culture.  Such 
products  were  also  present  in  the  PCB-replenished  enrich¬ 
ment,  but  more  of  the  meta  dechlorination  products  2,3,6-  and 

2. 6- CB  accumulated.  The  formation  of  2,5-CB  could  have  been 
due  to  ortho  or  meta  dechlorination.  The  data  from  Table  2 
shows  sustained  ortho  activity.  However,  this  is  once  again 
difficult  to  assess  later  on  because  of  the  production  of  2,5-  and 
3-CB. 

Another  congener  observed  to  be  ortho  dechlorinated  was 

2.3.6- CB.  Moles  percent  analysis  of  BH  sediment  incubated 
with  only  2,3,6-CB  showed  that  the  ratio  of  2, 6-CB  to  2,5-CB 
was  nearly  3:1  in  duplicate  enrichments  (Table  4).  Replenish¬ 
ing  the  cultures  with  2,3,6-CB  had  no  effect  on  the  ratio  of 

2. 6- CB  to  2,5-CB.  However,  ortho  dechlorination  was  sus¬ 
tained  in  the  replenished  enrichments.  Although  the  amount 
of  2,5-CB  produced  is  significant,  it  does  not  appear  that  ortho 
dechlorination  of  2,3,6-CB  is  as  extensive  as  that  of  2,3,5-CB.  A 
small  amount  of  2,3-CB  which  represents  another  ortho  de¬ 
chlorination,  that  of  position  6  of  2,3,6-CB,  also  appeared  in 
both  enrichments. 


TABLE  3.  Moles  percent  and  recovery 

data  for  BH  sediment  incubated  with  2,3,5,6-CB  in  E-Cl  medium 

Day 

Mol%  (nmol  of  congener)^ 

%  Total  recovery 

ment" 

2,3,5,6-CB 

2,3,6-CB 

2,3,5-CB 

3,5-CB 

2,5-CB 

2, 6-CB 

3-CB 

(nmol; 

1 

0 

30 

66 

128 

100  (98) 
99(112) 
9(15) 

1(1) 

0(0) 

<1  (<0.5) 

1(1) 

<1  (<0.5) 

0(0) 

1(1) 

3(4) 

1(1) 

0(0) 

0(0) 

56  (88) 

6(6) 

0(0) 

0(0) 

18  (28) 

22  (24) 

0(0) 

0(0) 

4(7) 

6(6) 

0(0) 

0(0) 

9(15) 

65  (71) 

57  (98) 

65  (113) 

91  (158) 

63  (109) 

2 

0 

35 

35-R 

54 

54-R 

71 

154 

100  (129) 

89  (109) 

97  (277) 

32  (77) 

63  (335) 

22  (68) 

18  (57) 

0(0) 

1(2) 

<1(1) 

13(31) 

8(41) 

26  (80) 

14  (44) 

0(0) 

7(8) 

2(6) 

2(5) 

1(5) 

3(10) 

2(8) 

0(0) 

2(2) 

1(2) 

3(7) 

2(11) 

4(11) 

5(15) 

0(0) 

1(1) 

0(0) 

29  (69) 

15  (77) 

29  (88) 

31  (102) 

0(0) 

0(0) 

0(0) 

22  (52) 

12  (62) 

16  (49) 

26  (85) 

0(0) 

0(0) 

0(0) 

0(0) 

0(0) 

0(0) 

4(14) 

75  (129) 

71  (122) 

83  (286) 

70  (241) 

102  (531) 

59  (306) 

63  (325) 

«  Enrichment  1  (fatty  acids  replenished)  received  173  jjlM  2,3,5,6-CB  on  day  U  ana  was  repienisneu  wun  uic  t 

Methods  for  concentrations).  Enrichment  2  (PCB  and  fatty  acids  replenished)  received  173  pM  2  3,5.6-CB  o!\day  » 
at  times  designated  with  R;  fatty  acids  were  added  to  enrichment  2  at  each  sampling.  Replenishment  was  identical  to  that  described  in 
^  Data  are  in  moles  percent  with  the  total  nanomoles  for  each  congener  recovered  from  a  1-ml  sediment  sample  shown  in  parentheses. 

^  Total  recovery  is  expressed  as  a  percentage  with  the  nanomoles  recovered  shown  in  parentheses. 


same  amount  of  PCB 
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TABLE  4,  Moles  percent  and  recovery  data  for  BH  sediment 
incubated  with  2,3,6-CB  in  E-Cl  medium 


Enrich¬ 

ment" 

Day 

Mol%  (nmol  of  congener)* 

%  Total 
recovery 
(nmol)^ 

2,3,6-CB 

2,3-CB 

2,5-CB 

2,6-CB 

3-CB 

I 

0 

100  (176) 

0(0) 

0(0) 

0(0) 

0(0) 

90(176) 

30 

97  (126) 

0(0) 

1(1) 

2(3) 

0(0) 

67 (130) 

66 

25  (38) 

<1(<0.5) 

16  (25) 

58  (89) 

0(0) 

78  (152) 

128 

5(6) 

<1  (<0.5) 

20  (27) 

75  (99) 

0(0) 

68 (132) 

2 

0 

100  (83) 

0(0) 

0(0) 

0(0) 

0(0) 

43  (83) 

35 

72  (59) 

0(0) 

7(6) 

21(17) 

0(0) 

42  (82) 

35-R 

92  (263) 

0(0) 

2(6) 

6(18) 

0(0) 

74  (287) 

54 

14  (49) 

0(0) 

23  (81) 

63  (225) 

0(0) 

91 (355) 

54-R 

54  (407) 

0(0) 

11 (85) 

34  (255) 

0(0) 

128 (747) 

71 

21  (70) 

0(0) 

19  (65) 

60  (199) 

0(0) 

57  (334) 

154 

12(17) 

<1  (<0.5) 

18  (26) 

71 (103) 

0(0) 

25  (146) 

"  Enrichment  1  (fatty  acids  replenished)  received  195  fi-M  2,3,6-CB  on  day  0 
and  was  replenished  with  the  fatty  acid  mixture  at  each  sampling  (see  Materials 
and  Methods  for  concentrations).  Enrichment  2  (PCB  and  fatty  acids  replen¬ 
ished)  received  195  p.M  2,3,6-CB  on  day  0  and  was  replenished  with  the  same 
amount  of  PCB  at  times  designated  with  R;  fatty  acids  were  added  to  enrichment 
2  at  each  sampling.  Replenishment  was  identical  to  that  described  in  Table  1. 

*  Data  are  in  moles  percent  with  the  total  nanomoles  for  each  congener 
recovered  from  a  1-ml  sediment  sample  shown  in  parentheses.  Some  of  the 
2,3,6-CB  used  in  these  experiments  was  contaminated  with  -1%  2,3,4,6-CB.  All 
of  the  2,3,4,6-CB  was  transformed  and  a  corresponding  amuunt  of  2,4,6-CB 
accumulated.  These  two  congeners  are  not  included  in  the  data  shown. 

Total  recovery  is  expressed  as  a  percentage  with  the  nanomoles  recovered 
shown  in  parentheses. 


Congener  2,3,4,5,6-CB  was  also  dechlorinated  when  incu¬ 
bated  with  BH  sediments.  Congener  2,3,4,5-CB  was  never  ob¬ 
served  in  cultures  incubated  with  2,3,4,5,6-CB.  Therefore,  sim¬ 
ilar  to  the  dechlorination  of  2,3,4,5-CB,  meta  and/or  para 
dechlorinations  must  precede  ortho  dechlorination  of  this  pen- 
tachlorinated  biphenyl.  Significant  amounts  of  2,3,5-CB  and 

3.5- CB  from  2,3,4,5,6-CB  were  detected  over  time,  but  2,4,6- 
CB  was  the  most  prevalent  product.  Replicate  enrichments 
gave  similar  results. 

Several  other  congeners  were  tested  individually  in  separate 
enrichments  of  BH  sediment,  but  none  were  ortho  dechlori¬ 
nated.  The  following  congeners  were  not  dechlorinated  at  all: 
2,2',6,6'-CB,  2,4,6-CB,  2,2'-CB,  2,4-CB,  2,5-CB,  2,6-CB,  2-CB, 
3-CB,  and  4-CB  (minimum  of  145  days  of  incubation).  No  loss 
of  a  monochlorinated  biphenyl  was  ever  observed,  and  biphe¬ 
nyl  was  not  detected  by  GC-MS  in  the  enrichments  incubated 
with  monochlorobiphenyls.  The  following  transformations 
were  observed:  2,4,5-CB  to  2,4-  or  2,5-CB;  3,4,5-CB  to  3, 4-CB, 

3.5- CB,  and  3-CB;  2,3-CB  to  2-CB;  3,4-CB  to  3-CB;  and 

3.5- CB  to  3-CB.  Although  2,3,5-CB  and  2,3,6-CB  were  ortho 
dechlorinated,  it  is  interesting  to  note  that  2,4,5-CB,  2,4,6-CB, 
and  all  of  the  ort/io-chlorinated  biphenyls  tested,  at  least  in 
individual  incubations,  were  not  ortho  dechlorinated.  These 
results  suggest  that  ortho  dechlorination  occurs  when  the  bi¬ 
phenyl  ring  is  sufficiently  chlorinated  and  contains  a  meta  chlo¬ 
rine  adjacent  to  the  ortho  chlorine. 

Supernatants  from  several  of  the  enrichments  described 
above  have  been  serially  transferred  in  fresh  E-Cl  medium  plus 
sterile  BH  sediment,  coal-based  humic  acids,  or  Hudson  River 
Spier  Falls  sediment  (non-PCB  contaminated).  Dechlorination 
has  been  observed  as  early  as  7  days  in  these  transferred  cul¬ 
tures,  and  ortho  dechlorination  develops  within  21  days.  Activ¬ 
ity  in  these  transfers  has  been  observed  with  0.05  to  1.0% 
(wt/vol  [dry  weight])  sediment  in  the  medium. 

ortho  dechlorination  in  other  estuarine,  marine,  and  non¬ 
marine  media.  Sulfate  is  prevalent  in  marine  and  estuarine 
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environments  at  concentrations  that  are  reported  to  inhibit 
dechlorination  of  PCBs  in  freshwater  sediments  (2,  6,  31). 
However,  PCB  dechlorination  has  been  shown  to  occur  anaer¬ 
obically  with  estuarine  sediments  in  the  presence  of  high  con¬ 
centrations  of  sulfate  (21).  To  determine  the  effects  of  sulfate 
on  PCB  dechlorination  in  BH  sediments,  enrichments  were 
incubated  with  2,3,4,5-CB  in  estuarine  (E)  and  marine  (M) 
media  that  contained  18  and  50  mM  MgS04  •  6H2O,  respec¬ 
tively.  For  enrichments  in  both  of  these  media,  the  moles 
percent  distribution  of  congeners  was  very  similar  to  that  ob¬ 
served  with  the  E-Cl  medium,  but  activity  in  the  M  medium 
lagged  (no  dechlorination  at  44  days,  dechlorination  including 
ortho  at  77  days).  Marine  medium  without  sulfate  (MgCL  • 
6H2O  substituted  for  MgS04  •  6H2O)  also  supported  ortho  de¬ 
chlorination  but  with  less  of  a  lag  than  enrichments  with  sulfate 
in  the  medium.  These  results  demonstrate  that  anaerobic  PCB 
dechlorination  including  ortho  dechlorination  develops  in  BH 
sediments  inoculated  into  media  containing  relatively  high  sul¬ 
fate  and  solute  concentrations  associated  with  estuarine  and 
marine  conditions.  It  is  possible  that  the  sulfate  is  consumed 
before  dechlorination  sets  in.  However,  since  sulfate  was  not 
monitored  in  these  enrichments,  the  effect  of  sulfate  on  PCB 
dechlorination  is  inconclusive  at  this  time. 

Reduced  anaerobic  mineral  medium  (RAMM)  (27)  has 
been  used  with  sediments  from  freshwater  sites  such  as  the 
upper  Hudson  River  (1,  5,  19,  23).  ortho  dechlorination  has 
never  been  reported  with  Hudson  River  sediments  in  RAMM. 
Our  incubations  of  Hudson  River  H7  sediment  (supplied  by 
General  Electric)  with  2,3,4,5-CB  in  RAMM  did  result  in  meta 
and  para  dechlorination  within  22  days,  and  no  ortho  dechlo¬ 
rination  was  observed  over  a  period  of  124  days.  No  ortho 
dechlorination  was  observed  with  Hudson  River  sediment  in  E, 
M,  E-Cl,  or  M-Cl  medium.  Incubations  of  BH  sediment  in 
RAMM  with  2,3,4,5-CB  did  result  in  ortho  dechlorination. 
Once  again,  the  transformations  observed  were  qualitatively 
similar  to  those  observed  with  E-Cl  medium.  However,  the  BH 
enrichments  showed  high  levels  of  2,3,5-CB  early  during  incu¬ 
bation  followed  by  high  accumulations  of  3,5-CB  with  no  pro¬ 
duction  of  3-CB.  Congener  2,4,5-CB  was  produced  only  in 
trace  amounts.  These  activities  suggest  a  shift  from  dechlori¬ 
nation  of  the  meta  moiety  to  that  of  the  para  and  ortho  moieties 
when  the  BH  sediments  are  incubated  in  RAMM,  a  nonmarine 
medium. 

DISCUSSION 

A  review  of  all  of  the  experiments  presented  here  demon¬ 
strates  that  a  rare  and  unique  type  of  anaerobic  PCB  dechlo¬ 
rination  {ortho)  arises  rapidly  in  enrichments  containing  BH 
sediment.  The  major  ortho  dechlorination  pathways  observed 
are  summarized  in  Fig.  1.  Since  BH  is  part  of  the  Chesapeake 
Bay,  which  is  an  extensive  drainage  basin,  there  is  likely  a 
gradation  of  freshwater,  estuarine,  and  marine  microbial  com¬ 
munities  along  the  length  of  the  bay.  Sediments  in  BH  may 
contain  components  of  the  three  communities.  While  ortho- 
dechlorinating  activity  might  be  attributed  to  populations  of 
estuarine  and  marine  microorganisms,  wide  differences  in  re- 
ductively  dechlorinating  populations  have  been  reported  among 
sites  of  close  proximity  in  the  St.  Lawrence  River.  These  dif¬ 
ferences  have  been  attributed  to  sediment  characteristics  (28). 
It  is  therefore  possible  that  undefined  conditions  in  BH  select 
for  PCB-dechlorinating  populations  that  include  ortho  dechlo¬ 
rination.  PCBs  have  been  reported  to  be  associated  with  the 
particulate  fraction  of  the  water  column  of  the  Chesapeake 
Bay  (14),  and  PCB  contamination  of  BH  sediment  has  been 
documented  (20).  PCBs  were  not  detected  in  BH  sediments  by 
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FIG.  1.  ortho  dechlorination  pathways  observed  in  this  study.  Not  all  dechlo¬ 
rinations  are  represented.  The  figure  depicts  the  most  prevalent  ortho  reactions 
and  the  necessary  precursor  reactions.  Predominance  of  pathway  or  step  is  not 
indicated  since  this  may  vary  with  the  PCB  mixture  and  environmental  condi¬ 
tions. 


methods  described  in  this  study.  However,  past  contamination 
of  the  harbor  with  PCBs  or  other  chlorinated  organics  may 
have  promoted  in  situ  selection  of  dechlorinating  organisms. 

The  removal  of  ortho  chlorines  from  PCBs  has  not  been 
demonstrated  previously  with  estuarine  or  marine  sediments. 
In  addition,  reports  on  ortho  dechlorination  with  anaerobes 
from  any  environment  have  been  infrequent.  The  activity  has 
always  required  several  months  to  develop  and  has  been  difii> 
cult  to  repeat  or  maintain.  The  best-documented  report  of 
ortho  dechlorination  was  published  by  Van  Dort  and  Bedard 
(32)  and  showed  ortho  dechlorination  of  2,3,5,6-CB  to  2,5-CB, 
via  either  2,3,6-CB  or  2,3,5-CB,  in  one  freshwater  sediment 
culture  from  Woods  Pond  (Lenox,  Mass.)  after  21  weeks  of 
incubation.  After  37  weeks,  19.4%  of  the  PCB  had  been  con¬ 
verted  to  2,5-CB  and  58.2%  had  been  converted  to  2,6-CB. 
The  balance  of  PCB  consisted  of  2,3,6-CB,  a  trace  of  2,3,5-CB, 
and  residual  2,3,5,6-CB.  Congener  2,3,5-CB  never  accumu¬ 
lated  to  high  levels,  and  3,5-CB  was  not  detected.  The  ortho- 
dechlorinating  activity  by  the  Woods  Pond  culture  ceased  after 
28  weeks  and  was  subsequently  followed  by  meta  dechlorina¬ 
tion.  The  ort/2a-dechlorinating  activity  did  not  return,  and  the 
authors  attributed  the  loss  of  ortho  activity  to  a  change  in 
dechlorinating  populations.  Williams  (33)  also  reported  that  a 
culture  from  Woods  Pond  and  one  sediment  culture  from 
Silver  Lake  (Pittsfield,  Mass.)  ortho  dechlorinated  2,4,6-CB  to 
2,4-CB  and  4-CB  after  24  weeks  and  more  than  1  year  of 
incubation,  respectively.  Sustainability  was  not  addressed  in  this 
study.  Montgomery  and  Vogel  (18)  reported  that  2,3,5,6-CB 
was  ortho  dechlorinated  to  2,3,5-CB  and  3,5-CB  over  a  14- 
month  period  by  sediment  cultures  under  anaerobic  phototro- 
phic  conditions.  The  investigators  reported  dechlorination  in 
the  dark  to  be  nonexistent  or  negligible.  Unfortunately,  the 
authors  did  not  prepare  and  monitor  a  killed-cell  (sterilized- 
sediment)  control,  which  would  have  been  useful  in  interpret¬ 
ing  the  results  since  PCBs  have  been  shown  to  be  photochem- 
ically  dechlorinated,  particularly  at  the  ortho  position  (7,  24). 
All  of  the  experiments  reported  here  involved  incubation  in  the 
dark. 

In  contrast  with  ort/zo-dechlorinating  activity  observed  with 
freshwater  sediments,  the  ortho  dechlorination  observed  with 


BH  sediments  is  different  in  that  2,3,5-CB  and  3,5-CB  are  very 
prevalent  products  in  BH  sediments  when  2,3,4,5-CB,  2,3,5,6- 
CB,  or  2,3,5-CB  is  present.  Another  congener  specificity  differ¬ 
ence  is  that  2,4,6-CB  was  not  dechlorinated  in  BH  sediments, 
although  this  congener  may  require  a  lengthier  incubation.  In 
addition,  the  ortho  dechlorination  observed  in  BH  sediment 
develops  relatively  quickly  and  can  be  very  extensive  with  ac¬ 
climation  times  of  less  than  1  month  and  greater  than  90% 
ortho  transformation  of  2,3,5-CB  to  3,5-CB  in  some  enrich¬ 
ments.  The  ortho  dechlorination  is  also  readily  maintained  and 
reproduced.  The  enrichments  described  here  were  inoculated 
with  sediments  collected  on  19  July  1992.  o/t/zo-dechlorinating 
enrichments  have  also  been  developed  with  fresh  BH  sediment 
collected  from  the  same  site  on  11  July  1995.  Actmty  has  been 
maintained  for  more  than  6  months  by  replenishmeiit^with 
media  and  2,3,4,5-CB,  and  ortho  dechlorination  has  been  ob¬ 
served  in  five  different  media,  including  those  with  high  solute 
concentrations.  Transfer  of  the  activity  to  fresh  media  has  also 
been  successful,  with  serial  transfers  demonstrating  ortho  de¬ 
chlorination  within  21  days. 

The  oHho  dechlorination  by  BH  sediments  also  appears  to 
be  broad  in  that  a  variety  of  congeners,  including  tetra-,  tri-,  and 
dichlorobiphenyls,  are  attacked  {ortho  dechlorination  of  di- 
chlorobiphenyls  appeared  to  have  occurred  only  when  tetra-  or 
trichlorobiphenyls  were  present).  The  lower  levels  of  dichloro¬ 
biphenyls  and  3-CB  in  enrichments  replenished  with  2,3,5,6- 
CB  (Table  3)  suggest  that  the  tetrachlorobiphenyl  is  more 
readily  ortho  dechlorination  than  lesser-chlorinated  congeners 
and  perhaps  can  act  as  a  more  attractive  electron  acceptor  for 
an  ortho  PCB-dechlorinating  anaerobe.  This  is  consistent  with 
previous  observations  that  more  extensively  chlorinated  PCBs 
are  more  readily  meta  dind  para  dechlorinated  in  anaerobic 
freshwater  sediment  enrichments  (4). 

The  demonstration  of  o/t/io -dechlorinating  activity  with  BH 
sediments  suggests  that  previously  undescribed  estuarine  or 
marine  anaerobic  microorganisms  present  in  these  sediments 
are  capable  of  unique  activity  or  that  environmental  conditions 
enhance  a  biological  activity  rarely  observed.  Other  marine 
and  estuarine  sites  are  being  investigated  by  the  methods  de¬ 
scribed  here  to  determine  the  prevalence  of  ortho  dechlorina¬ 
tion.  Environmental  conditions  such  as  solute  concentration, 
carbon  sources,  pH,  and  sediment,  etc.,  are  also  under  inves¬ 
tigation.  Additionally,  the  dechlorination  of  commercial  mix¬ 
tures  of  PCBs  (Aroclors)  is  being  examined,  BH  sediments 
amended  with  Aroclor  1242  (400  ppm)  or  Aroclor  1242  plus 

2.3.4.5- CB  (172.5  jjiM)  have  been  analyzed  after  2  months  of 
incubation.  Thus  far,  the  2,3,4,5-CB  was  ortho  dechlorinated  to 

3.5- CB  within  1  month,  indicating  that  the  Aroclor  mixture 
does  not  inhibit  ortho  dechlorination  of  this  congener.  Conge¬ 
ners  belonging  to  Aroclor  1242  were  transformed  after  2 
months  of  incubation.  A  complete  analysis  of  Aroclor  dechlo¬ 
rination  requires  further  incubation  time  and  PCB  analysis.  In 
addition,  the  investigations  presented  here  deal  primarily  with 
the  dechlorination  of  congeners  that  are  chlorinated  on  only 
one  ring.  Incubations  of  BH  sediments  with  PCBs  chlorinated 
on  both  rings,  especially  orf/io-substituted  and  more  heavily 
chlorinated  congeners,  is  needed  to  further  define  the  dechlo¬ 
rination  potential  of  the  anaerobic  microorganisms  in  these 
sediments.  The  results  presented  in  this  study  suggest  that  the 
development  of  ortho  dechlorination  in  conjunction  with  activ¬ 
ity  specific  for  other  chlorine  substitutions  could  be  combined 
for  more  extensive  reductive  dechlorination  of  PCBs  in  anaer¬ 
obic  environments. 
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Defined  microbial  communities  were  developed  by  combining  selective  enrichment  with  molecular  monitor¬ 
ing  of  total  community  genes  coding  for  16S  rRNAs  (16S  rDNAs)  to  identify  potential  polychlorinated  biphenyl 
(PCB)-dechlorinating  anaerobes  that  ortho  dechlorinate  2,3,5,6-tetrachlorobiphenyl.  In  enrichment  cultures 
that  contained  a  defined  estuarine  medium,  three  fatty  acids,  and  sterile  sediment,  a  Clostridium  sp.  was  pre¬ 
dominant  in  the  absence  of  added  PCB,  but  undescribed  species  in  the  8  subgroup  of  the  class  Proteobacteria, 
the  low-G+C  gram-positive  subgroup,  the  Thermotogales  subgroup,  and  a  single  species  with  sequence  similar¬ 
ity  to  the  deeply  branching  species  Dehalococcoides  ethenogenes  were  more  predominant  during  active  dechlori¬ 
nation  of  the  PCB.  Species  with  high  sequence  similarities  to  Methanomicrohiales  and  Methanosarcinales  arch- 
aeal  subgroups  were  predominant  in  both  dechlorinating  and  nondechlorinating  enrichment  cultures.  Deletion 
of  sediment  from  PCB-dechlorinating  enrichment  cultures  reduced  the  rate  of  dechlorination  and  the  diversity 
of  the  community.  Substitution  of  sodium  acetate  for  the  mixture  of  three  fatty  acids  increased  the  rate  of  de¬ 
chlorination,  further  reduced  the  community  diversity,  and  caused  a  shift  in  the  predominant  species  that 
included  restriction  fragment  length  polymorphism  patterns  not  previously  detected.  Although  PCB-dechlo¬ 
rinating  cultures  were  methanogenic,  inhibition  of  methanogenesis  and  elimination  of  the  archaeal  community 
by  addition  of  bromoethanesulfonic  acid  only  slightly  inhibited  dechlorination,  indicating  that  the  archaea 
were  not  required  for  ortho  dechlorination  of  the  congener.  Deletion  of  Clostridium  spp.  from  the  community 
profile  by  addition  of  vancomycin  only  slightly  reduced  dechlorination.  However,  addition  of  sodium  molybdate, 
an  inhibitor  of  sulfate  reduction,  inhibited  dechlorination  and  deleted  selected  species  from  the  community 
profiles  of  the  cXskSS  Bacteria,  With  the  exception  of  one  16S  rDNA  sequence  that  had  the  highest  sequence  sim¬ 
ilarity  to  the  obligate  perchloroethylene-dechlorinating  Dehalococcoides y  the  16S  rDNA  sequences  associated 
with  PCB  ortho  dechlorination  had  high  sequence  similarities  to  the  8,  low-G+C  gram-positive,  and  Thermo¬ 
togales  subgroups,  which  all  include  sulfur-,  sulfate-,  and/or  iron  (III) -respiring  bacterial  species. 


The  extensive  industrial  use  of  polychlorinated  biphenyls 
(PCBs)  during  the  20th  century  has  resulted  in  the  release  of 
an  estimated  several  million  pounds  of  PCBs  into  the  environ¬ 
ment  (2).  Due  to  the  hydrophobicity  and  chemical  stability  of 
these  compounds,  PCBs  ultimately  accumulate  in  subsurface 
anaerobic  sediments,  where  reductive  dechlorination  by  anaer¬ 
obic  microorganisms  is  proposed  to  be  an  essential  step  in  PCB 
degradation  and  detoxification  (6).  Although  anaerobic  reduc¬ 
tive  dechlorination  has  been  documented  in  the  environment 
and  in  the  laboratory,  attempts  to  identify  and  isolate  anaero¬ 
bic  PCB-dechlorinating  microbes  by  classical  enrichment  and 
isolation  techniques  have  been  unsuccessful  (for  a  review,  see 
reference  2).  Isolation  of  anaerobic  PCB-dechlorinating  mi¬ 
crobes  has  been  hindered  in  part  by  the  inability  to  maintain 
and  sequentially  transfer  dechlorinating  consortia  in  defined 
medium.  May  et  al.  (24)  were  the  first  to  demonstrate  that 
single  colonies  could  be  obtained  by  plating  highly  enriched 
PCB-dechlorinating  enrichment  cultures  on  agar-solidified 
media.  Although  two  of  the  colonies  exhibited  para  dechlori¬ 
nation  activity  when  transferred  back  to  liquid  enrichment 


*  Corresponding  author.  Mailing  address:  Center  of  Marine  Bio¬ 
technology,  University  of  Maryland  Biotechnology  Institute,  701  E. 
Pratt  St.,  Baltimore,  MD  21202.  Phone:  (410)  234-8878.  Fax:  (410) 
234-8899.  E-mail:  Sowers@umbi.umd.edu. 


medium,  the  colonies  contained  a  mixed  community  of  micro¬ 
organisms  and  dechlorination  required  the  addition  of  sedi¬ 
ment  to  the  medium.  More  recently,  highly  enriched  VCB-ortho- 
dechlorinating  enrichment  cultures  were  developed  from  Bal¬ 
timore  Harbor  sediments  in  minimal  media  that  contained  sed¬ 
iments  and  a  single  congener  (3)  or  Aroclor  1260  (37).  These 
were  the  first  confirmed  reports  of  sustained  ortho  dechlorina¬ 
tion  of  PCBs  throughout  sequential  transfers  in  medium  with 
estuarine  sediments.  Finally,  Cutter  et  al.  demonstrated  that  a 
consortium  of  PCB-orr/io-dechlorinating  anaerobes  from  Bal¬ 
timore  Harbor  could  be  sequentially  transferred  and  main¬ 
tained  in  minimal  medium  without  the  addition  of  sterile  sed¬ 
iment  (9).  With  the  ability  to  maintain  PCB  dechlorination  in 
a  completely  defined  medium,  highly  enriched  PCB-dechlori¬ 
nating  consortia  could  be  developed  by  sequential  transfers  in 
medium  that  contained  the  minimal  growth  requirements  for 
dechlorinating  species. 

The  current  study  identifies  putative  PCB-dechlorinating 
anaerobes  in  ort/zo-dechlorinating  enrichment  cultures  by  a 
comprehensive  approach  that  combines  traditional  selective 
enrichment  techniques  with  molecular  monitoring  (SEMM). 
Microbial  consortia  enriched  for  PCB  ortho  dechlorination  in 
minimal  medium  were  analyzed  by  comparative  sequence  anal¬ 
ysis  of  genes  coding  for  16S  rRNA  (16S  rDNA)  amplified  from 
total  community  DNAs.  Protocols  were  developed  for  chro- 
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mosomal  DNA  extraction  from  sediment,  16S  rDNA  amplifi¬ 
cation  by  PCR,  cloning  of  partial  16S  rDNA  PCR  fragments, 
screening  by  restriction  fragment  length  polymorphism  (RFLP) 
analysis,  and  DNA  sequencing  for  comparative  sequence  anal¬ 
ysis.  By  utilizing  these  techniques,  shifts  in  the  microbial  com¬ 
munity  were  monitored  as  the  cultures  were  further  enriched 
for  PCB-dechlorinating  anaerobes  by  elimination  of  undefined 
medium  components  (i.e.,  sediment),  changes  in  carbon  source, 
and  addition  of  selective  physiological  inhibitors.  The  results 
presented  herein  demonstrate  the  applicability  of  the  SEMM 
approach  for  the  selection  and  monitoring  of  highly  defined 
PCB-dechlorinating  microbial  consortia. 

MATERIALS  AND  METHODS 

Enrichment  cultures.  Enrichment  cultures  were  initiated  as  described  previ¬ 
ously  (9).  Briefly,  sediment  samples  collected  from  the  Northwest  Branch  of 
Baltimore  Harbor,  Baltimore,  Md.  (39°16.8'N,  76'’36.rW),  were  used  to  inocu¬ 
late  sterile,  anaerobic  estuarine  salts  medium  that  did  not  contain  added  sulfate 
to  a  final  concentration  of  5%  (dry  wt/vol).  Where  indicated,  sodium  acetate, 
alone  or  with  sodium  propionate  and  butyrate,  was  added  to  a  final  concentration 
of  2.5  mM  (each).  The  congener  2,3,5,6-tetrachlorobiphenyl  (2,3,5,6-CB;  Accu- 
Standard,  Inc.,  New  Haven,  Conn.)  was  solubilized  in  acetone  and  added  to  a 
final  concentration  of  173  (xM.  For  the  inhibitor  studies,  bromoethanesulfonic 
acid  (BES),  vancomycin,  and  sodium  molybdate  were  dissolved  in  deionized 
water,  filter  sterilized,  and  added  to  final  concentrations  of  3  mM,  100  pg/ml,  and 
20  mM,  respectively.  All  cultures  were  incubated  in  tiie  dark  at  jO°C  PCBs  were 
extracted  and  analyzed  by  gas  chromatography  coupled  with  an  electron  capture 
detector  using  a  16-point  standard  curve  for  each  congener  as  described  previ¬ 
ously  (3). 

Extraction  of  genomic  DNA.  The  methods  described  herein  for  the  phyloge¬ 
netic  analysis  of  the  enrichment  cultures  are  slightly  modified  from  those  de¬ 
scribed  previously  (13).  Depending  upon  the  culture  turbidity,  between  1  and  10 
ml  of  culture  was  anaerobically  withdrawn  and  utilized  for  extraction  of  bulk 
genomic  DNA  (final  yield,  greater  than  100  ng  as  estimated  by  visualization  on 
an  agarose  gel  stained  with  ethidium  bromide).  The  culture  sample  was  centri¬ 
fuged,  and  the  cell  and  sediment  pellet  was  resuspended  in  250  pi  of  sterile  TE 
buffer  (10  mM  Tris-HCl  [pH  8.0],  1  mM  EDTA  [pH  8.0]).  The  resuspended 
pellet  was  added  to  a  2.2-ml  screw-cap  conical  tube  that  contained  2.5  g  of 
autoclaved  zirconia-silica  beads  (0.1  mm),  and  250  pi  each  of  sodium  phosphate 
buffer  (0.1  M,  pH  8.0)  and  TS-SDS  buffer  (0.1  M  NaCl,  0.5  M  Tris  [pH  8.0],  10% 
[wt/vol]  sodium  dodecyl  sulfate).  The  sample  was  cooled  on  ice  for  10  min  and 
then  homogenized  for  5  min  with  a  Mini-Bead  Beater  (Biospec,  Bartlesville, 
Okla.)  at  4°C  to  lyse  cells.  Debris  was  removed  by  centrifugation  for  5  min  at 
14,000  X  g.  Crude  DNA  in  the  supernatant  was  purified  twice  with  equal  volumes 
of  trissaturated  phenol  and  chloroform-isoamyl  alcohol  (24:1),  followed  by  ex¬ 
traction  with  an  equal  volume  of  chloroform.  Approximately  200  pi  of  Phase- 
Lock  gel  (5  Prime-3  Prime,  Inc.,  Boulder,  Colo.)  was  utilized  to  promote  sepa¬ 
ration  of  the  phases  and  allow  easier  visualization  of  the  interface.  The  decanted 
aqueous  phase  was  diluted  to  1  ml  with  sterile  deionized  water.  Humic  acids, 
which  inhibit  PCR  (32,  34),  were  extracted  from  nucleic  acids  by  addition  of 
0.125  g  of  insoluble  polyvinylpolypyrrolidone  (Sigma,  St.  Louis,  Mo.)  to  the  1  ml 
of  diluted  crude  DNA  extract  (17,  30).  The  polyvinylpolypyrrolidone  was  re¬ 
moved  by  centrifugation  for  5  min  at  14,000  x  g,  and  the  chromosomal  DNA  was 
recovered  by  precipitation  with  an  equal  volume  of  isopropanol  at  -20°C.  The 
DNA  was  pelleted  by  centrifugation,  and  then  the  pellet  was  washed  with  70% 
ethanol  and  centrifuged  again  at  high  speed.  The  supernatant  was  discarded,  and 
the  DNA  was  dried  under  vacuum  for  5  min.  Further  removal  of  humic  acids  was 
achieved  by  electrophoresis  of  the  DNA  extract  in  a  1.3%  low-melting-point 
agarose  gel  (Fisher  Scientific,  Fairlawn,  N.J.)  containing  2%  soluble  polyvi¬ 
nylpyrrolidone  (40).  The  chromosomal  DNA  band  was  excised  from  the  gel  and 
recovered  with  a  Promega  Wizard  PCR  Prep  Kit  (Promega,  Madison,  Wis.)  in 
accordance  with  the  manufacturer’s  instructions. 

PCR  amplification  and  cloning.  PCR  was  utilized  to  amplify  bacterial  and 
archaeal  16S  rDNAs  from  the  mixed  community  of  genomic  DNAs.  Universal 
primers  5 19F  (5'-CAG  CA/CG  CCG  CGG  TAA  TA/TC-3')  and  1406R  (5'-ACG 
GGC  GGT  GTG  TA/GC-3')  were  utilized  for  the  amplification  of  bacterial  16S 
rDNAs  (21).  Archaeal  16S  rDNAs  were  amplified  with  specific  archaeal  primers 
21F  (5'-TTC  CGG  TTG  ATC  CYG  CCG  GA-3')  and  958R  (5'-TCC  GGC  GTT 
GAM  TCC  AATT-3')  (11).  All  PCR  amplifications  were  performed  by  using  the 
GeneAmp  PCR  kit  with  Taq  DNA  polymerase  (Perkin  Elmer,  Inc.)  in  a  PTC200 
thermal  cycler  (MJ  Research,  Watertown,  Mass.).  Conditions  for  PCR  were  as 
follows:  an  initial  denaturation  step  of  1.5  min  at  94®C;  30  amplification  cycles  of 
denaturation  (30  s  at  94°C),  annealing  (30  s  at  55°C),  and  elongation  (30  s  at 
72°C);  and  a  final  extension  step  of  5  min  at  72°C.  The  PCR  products  were 
purified  by  utilizing  the  QIAquick  PCR  purification  kit  (Qiagen,  Inc.,  Chats- 
worth,  Calif.).  Plasmid  libraries  for  both  domains  were  generated  by  ligating  2  p.! 
of  purified  PCR  fragments  into  the  pCRII  vector  (Invitrogen,  Carlsbad,  Calif.)  in 
accordance  with  the  manufacturer’s  instructions.  The  ligation  reactions  were 


transformed  into  the  Eschenchia  coli  INVaF'  competent  cells  supplied  with  the 
Invitrogen  Original  TA  Cloning  Kit. 

Library  screening.  Ninety-six  randomly  chosen  clones  were  selected  from 
colonies  and  grown  overnight  in  Luria  broth  with  kanamycin  (100  jxg/ml).  The 
partial  16S  rDNA  fragments  were  amplified  directly  from  2  p.!  of  an  overnight- 
grown  Luria  broth  culture  added  to  48  p.1  of  PCR  mixture  using  the  following 
PCR  conditions:  1  cycle  of  3  min  at  95®C;  40  cycles  of  95®C  for  30  s,  55°C  for  30 
s,  and  12°C  for  1  min;  and  a  final  extension  step  of  72°C  for  5  min.  Subsequently, 
the  PCR  products  were  digested  separately  with  the  restriction  endonucleases 
Haelll  and  Hhal  (New  England  Biolabs,  Inc.,  Beverly,  Mass.).  The  restriction 
digests  were  electrophoresed  in  a  3%  Trevi-Gel  (TreviGen,  Gaithersburg,  Md.) 
and  visualized  with  SYBR  Green  I  nucleic  acid  gel  stain  (Molecular  Bio-Probes, 
Eugene,  Oreg.)  by  using  a  Fluoroimager  (Molecular  Dynamics,  Sunn>'vale,  Cal¬ 
if.).  Clones  were  categorized  according  to  their  distinct  RFLPs. 

Sequencing  and  analysis.  At  least  two  representative  clones  for  each  unique 
RFLP  were  sequenced  for  comparative  phylogenetic  analysis.  Plasmid  DNA  was 
purified  with  the  Qiagen  Plasmid  Mini  Kit  (Qiagen,  Inc.),  and  the  sequence  was 
determined  after  dye  terminator  cycle  sequencing  on  an  ABI  373  Automated 
Sequencer  (Applied  Biosystems,  Foster  City,  Calif.).  Initially,  the  clones  were 
sequenced  from  the  flanking  5'  end  with  a  T7  sequencing  primer  and  from  the 
flanking  3'  end  with  an  M13  reverse  sequencing  primer,  both  located  on  the 
pCRII  vector,  to  obtain  the  complete  fragment  sequence. 

Sequences  were  analyzed  with  the  National  Center  for  Biotechnology  Infor¬ 
mation  basic  local  alignment  search  tool  via  the  BLASTN  program  (1)  and  the 
SIM  RANK  program  of  the  Ribosomal  Database  Project  (28). 

Chimeric  sequence  evaluation.  Screening  methods  similar  to  those  described 
previously  by  Snaidr  et  al.  (29)  were  utilized  for  chimera  screening.  First,  the 
sequences  were  manually  aligned  and  then  analyzed  by  using  a  software  package 
that  takes  into  account  misalignments  in  secondary  structure  that  could  result 
from  chimeras  (7).  Second,  short  sequences  (~300  bp)  of  both  the  16S  rDNA 
5'  and  3'  flanking  regions  were  then  submitted  to  both  the  BLASTN  and  SIM 
_RANK  programs  for  comparative  phylogenetic  analysis  of  whole  and  partial 
gene  sequences.  Third,  partial  sequences  were  evaluated  with  the  Check 
_Chimera  program  of  the  Ribosomal  Database  Project.  To  further  minimize 
chimera  formation,  high-molecular-weight  genomic  DNA  and  PCR  products 
were  size  fractionated  in  agarose  gels  prior  to  library  construction.  In  addition, 
both  bacterial  and  archaeal  clone  libraries  were  generated  and  screened  from 
three  replicate  PCRs. 

Nucleotide  sequence  accession  numbers.  The  GenBank  accession  numbers  for 
the  sequences  used  to  generate  a  phylogenetic  tree  are  as  follows:  Oostridium 
litorale,  X77845;  Dehalobacter  restrictus,  U84497;  Dehalococcoides  ethenogenes. 
AF004928;  Desulfitobacterium  dehalogenans,  L28946;  Desulfitobacterium  frap- 
pieri,  U40078;  Desiilfobacter  postgatei,  M26633;  Desiilfomonile  tiedjei,  M26635; 
Desidfonema  ishimotoei,  U45992;  Desidfosarcino  variabilis,  M34407;  Desulfot/uo- 
vibrio  peptidovorans,  U52817;  Desulfotomacidum  otientis,  M34417;  Desidfovibrio 
desidfiiricans,  M34n3;  Desulfuromonas  acetexigens,  U23140;  Desidfiiromusa  suc- 
cino.xidans,  X79415;  Femdobacteriiim  nodosum,  M59177;  Geobacter  metalliredu- 
cens,  L07834;  Geotoga  petraea,  L10658;  Pelobacter propionkus,  X70954;  Petrotoga 
miothewm,  L10657;  Syntiophospora  btyantii,  M26491;  Syntrophus  gentianae.  X85132: 
Themwanaerobacter  brockii,  L09165;  Thennosipho  africamis,  M83140;  Then?w- 
toga  maritima,  M2 1774. 

Sequences  of  the  partial  16S  rDNA  clones  exhibiting  RFLP  types  1,  4,  5,  11, 
15,  17,  24,  25,  40,  105,  108,  109,  and  144  were  submitted  to  GenBank  under 
accession  no.  AF058000  to  AF058012,  respectively. 

RESULTS 

Effects  of  PCB  on  community  profiles.  Selective  enrichment 
techniques  were  used  to  establish  o/t/zo-dechlorinating  enrich¬ 
ment  cultures.  Concomitantly,  the  cultures  were  monitored  by 
screening  the  16S  rDNA  community  for  putative  YCB-onho- 
dechlorinating  microorganisms  within  these  enrichment  cul¬ 
tures.  The  diversity  of  the  microbial  community  was  minimized 
from  the  outset  by  the  use  of  a  minimal  estuarine  medium  that 
contained  sterilized  Baltimore  Harbor  sediments.  Further,  the 
enrichment  cultures  were  incubated  with  a  single  PCB  conge¬ 
ner,  2,3,5,6-CB,  to  facilitate  monitoring  of  the  rate  and  extent 
of  dechlorination  and  to  select  for  congener-specific  dechlori- 
nating  organisms  that  were  capable  of  reductively  dechlorinat- 
ing  the  parent  congener  and  its  trichlorinated  intermediate  (3). 

Enrichment  cultures  that  exhibited  ortho  dechlorination  of 
2,3,5,6-CB  were  generated  by  three  sequential  transfers  (10% 
inoculum)  of  Baltimore  Harbor  sediments  in  estuarine  me¬ 
dium  supplemented  with  a  mixture  of  three  fatty  acids:  propi¬ 
onate,  butyrate,  and  acetate  (3,  9).  Following  the  third  sequen¬ 
tial  transfer,  the  only  dechlorination  pathway  observed  for 
these  cultures,  ortho  dechlorination  of  2,3,5,6-CB  (Fig.  lA, 
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FIG.  1 .  (A)  Rate  of  chlorine  removal  from  Z3,5,6-CB  by  enrichment  cultures 
containing  0.1%  Baltimore  Harbor  sediment.  The  dechlorination  pathway  of 
2,3,5,6-CB  by  ort/jo-dechlorinating  enrichment  cultures  is  shown  in  the  inset.  (B) 
Community  profiles  of  bacterial  16S  rDNA  clones  from  Baltimore  Harbor  en¬ 
richment  cultures  incubated  with  (□)  and  without  (■)  2,3,5,6-CB.  Samples  for 
phylogenetic  analysis  were  taken  at  day  137,  as  indicated  for  panel  A.  Both 
enrichment  cultures  were  amended  with  a  mixture  of  three  fatty  acids  as  carbon 
sources.  (C)  Community  profiles  of  archaeal  16S  rDNA  clones  from  Baltimore 
Harbor  enrichment  cultures  incubated  with  (□)  and  without  (■)  2,3,5,6-CB. 

inset),  was  observed  in  the  PCB-containing  culture  after  79 
days  and  achieved  a  maximum  rate  after  107  days  (Fig.  lA). 
Approximately  75%  of  the  parent  congener  was  converted  to 
3,5-CB  after  160  days.  Duplicate  enrichment  cultures  that  did 
not  contain  a  PCB  were  maintained  and  sequentially  trans¬ 
ferred  concurrently  with  the  PCB-dechlorinating  enrichment 
cultures.  Both  dechlorinating  and  nondechlorinating  enrich¬ 
ment  cultures  were  methanogenic. 

Community  profiles  analyzed  at  137  days  after  the  third 
sequential  transfer  of  dechlorinating  and  nondechlorinating 
enrichment  cultures  are  shown  in  Fig.  IB.  Sixteen  predominant 
RFLP  types  were  identified  in  the  cultures,  and  16S  rDNA 
fragments  from  two  representative  clones  for  each  pattern 
were  subjected  to  comparative  sequence  analysis.  Eight  RFLP 
types,  1,  2,  4,  6, 11, 12, 17,  and  20,  were  detected  exclusively  in 
cultures  that  contained  the  PCB  congeners.  RFLP  type  4,  the 
most  predominant  clone,  accounting  for  30%  of  the  selected 
clones,  showed  the  highest  sequence  similarity  to  the  8  sub¬ 
group  (Table  1).  RFLP  type  1,  the  second  most  predominant 
clone,  accounted  for  20%  of  the  selected  clones  and  showed 
the  highest  sequence  similarity  to  the  Thermotogales  subgroup. 
Of  the  remaining  clones,  RFLP  types  11  and  12  had  the  highest 
sequence  similarity  to  the  low-G+C  gram-positive  subgroup, 
RFLP  types  4,  6,  and  20  had  the  highest  sequence  homology  to 
members  of  the  8  subgroup,  and  RFLP  type  17  exhibited  the 
highest  sequence  similarity  to  the  deeply  branching  species 


Dehalococcoides  ethenogenes  (25).  Only  one  representative 
clone  with  RFLP  type  6  was  identified  because  the  partial  16S 
rDNA  insert  was  unstable  and  often  lost  from  the  vector  prior 
to  sequencing. 

RFLP  types  7  and  14  showed  the  highest  sequence  similarity 
to  the  low-G+C  gram-positive  subgroup.  Both  patterns  were 
detected  in  the  presence  and  absence  of  a  PCB  but  increased 
significantly  (>50%)  in  medium  that  contained  a  PCB.  The  re¬ 
maining  clones,  which  had  high  sequence  similarity  to  mem¬ 
bers  of  the  8  subgroup  (RFLP  type  25)  and  the  low-G+C 
gram-positive  subgroup  (RFLP  types  5,  9, 15,  24,  and  54),  were 
either  detected  at  similar  frequencies  in  both  cultures,  in¬ 
creased  in  the  frequency  of  detection  relative  to  one  another, 
or  detected  only  in  the  PCB-free  culture.  The  results  suggest 
that  species  represented  by  the  latter  clones  do  not  have  a 
significant  role  in  PCB  ortho  dechlorination. 

The  community  profiles  of  methanogenic  archaea  enriched 
in  the  presence  and  absence  of  a  PCB  differed  significantly  (Fig. 
1C).  Seven  predominant  RFLP  types  were  detected  in  the  ac¬ 
tively  dechlorinating  culture.  RFLP  types  lA,  4A,  and  5A  had 
the  highest  sequence  similarity  to  the  Methanosarcinales  sub¬ 
group,  whereas  RFLP  types  2A,  3A,  7A,  and  9A  had  the  high¬ 
est  sequence  similarity  to  the  Methanomicrobiales  subgroup 
(Table  2).  Conversely,  none  of  the  clones  detected  in  the  pres¬ 
ence  of  a  PCB  were  detected  in  the  PCB-free  enrichment  cul¬ 
ture.  RFLP  types  16A,  19A,  20A,  21A,  22A,  and  24A  had  the 
highest  sequence  similarity  to  the  Methanosarcinales  subgroup, 
and  the  remaining  clones,  with  RFLP  types  17 A,  18 A,  and 
23A,  had  the  highest  similarity  to  the  Methanomicrobiales  sub¬ 
group.  Although  the  community  profiles  differed  in  the  ab¬ 
sence  and  presence  of  a  PCB  congener,  both  cultures  exhibited 
similar  distributions  of  species  belonging  to  the  autotrophic,  hy¬ 
drogen-utilizing  order  Methanomicrobiales  and  the  aceticlastic 
and  methylotrophic  order  Methanosarcinales.  This  preliminary 


TABLE  1.  Phylogenetic  affiliations  of  predominant  RFLP  types 
from  PCB-(9rt/7o-dechlorinating  enrichment  cultures 
based  on  bacterial  16S  rRNA  gene  sequences 


RFLP 

type 

Closest  phylogenetic 
relative 

%  Similarity  to 
closest  relative 

1 

ThefTuotoga  maritima 

85 

2 

Bacteroides  eggerthii 

89 

4 

Desulfosarcina  vaiiabilis 

93 

5 

Desulfothiovibrio  peptidovorans 

87 

6 

Desulfiiromonas  thiophila 

94 

7 

Clostridium  litorale 

91 

9 

Desulfonema  magnum 

82 

11 

Syntrophospora  bryantii 

94 

12 

Unidentified  oil  field  bacterium 

75 

15 

Clostridium  litorale 

99 

17 

Dehalococcoides  ethenogenes 

89 

20 

Pelobacter  acidigallici 

86 

24 

Acholeplasma  laidlawii 

84 

25 

Desulfonema  magnum 

94 

28 

Desulfovibrio  caledoniensis 

95 

40 

Syntrophus  gentianae 

94 

54 

Clostridium  litorale 

84 

105 

Desulfiiromonas  thiophila 

96 

108 

Desulfiiromonas  acetexigens 

99 

109 

Desulfovibrio  sp. 

92 

116 

Desulfovibrio  sp. 

86 

130 

Uncultured  eubacterium 

89 

138 

Unidentified  low-G+C  gram-positive  sp. 

96 

144 

Desulfovibrio  sp.  strain  B650 

98 

146 

Desulfovibrio  sp. 

91 
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TABLE  2.  Phylogenetic  affiliations  of  predominant  RFLP  types 
from  PCB-orZ/io-dechlorinating  enrichment  cultures 
based  on  archaeal  16S  rRNA  gene  sequences 


RFLP 

type 

Closest  phylogenetic 
relative 

%  Similarity  to 
closest  relative 

lA 

Methanosoeta  concilii 

91 

2A 

Methanociilleiis  marisnigii 

90 

3A 

Methanoplamis  limicola 

90 

4A 

Methanohalophihis  mahii 

87 

5A 

Methanohalobiiim  evestigatum 

81 

7A 

Methanogeniiim  organophilum 

96 

9A 

Met! mnospiriUwn  himgatei 

87 

16A 

Methanosoeta  concilii 

99 

17A 

Methanoplamis  petroleaiiiis 

94 

18A 

Methanogen him  organoph Him 

96 

19A 

Methanosoeta  concilii 

96 

20A 

Methanohalophihis  mahii 

86 

21A 

Methanosoeta  concilii 

96 

22A 

Methanosoeta  concilii 

99 

23A 

Methanoplamis  limicola 

92 

24A 

Methanosoeta  concilii 

99 

characterization  represented  a  baseline  community  profile  for  the 
PCB-dechlorinating  and  nondechlorinating  enrichment  cultures. 

Effects  of  Baltimore  Harbor  sediment  on  o/t/io-dechlorinat- 
ing  consortia.  To  eliminate  the  effects  of  putative  alternative 
electron  acceptors  (e.g,,  humic  acids,  SO/“,  Fe^'^)  and  unde¬ 
fined  nutrients  that  may  be  present  in  Baltimore  Harbor  sed¬ 
iments,  PCB-dechlorinating  enrichment  cultures  were  sequen¬ 
tially  transferred  in  completely  defined  estuarine  medium  that 
contained  2,3,5,6-CB  and  three  fatty  acids  as  carbon  sources 
without  the  addition  of  sterile  sediments  (9).  After  four  se¬ 
quential  transfers  in  the  absence  of  sediments,  dechlorination 
of  2,3,5,6-CB  was  detected  after  an  extensive  lag  period  (>100 
days)  and  the  congener  was  completely  transformed  to  3,5-CB 
after  240  days  (Fig.  2A).  Methane  production  was  observed  in 
the  sediment-free  enrichment  cultures. 

Community  profiles  were  compared  before  and  after  the  on¬ 
set  of  dechlorination  in  the  fourth  sequential  enrichment  cul¬ 
ture  transfer  in  defined  medium  (Fig.  2B).  Of  the  14  predom¬ 
inant  RFLP  types  previously  detected  in  PCB-dechlorinating 
cultures  with  sediment,  10  were  detected  in  the  sediment-free 
cultures.  As  observed  in  the  previous  cultures,  RFLP  type  1  was 
the  predominant  species,  accounting  for  36%  of  the  clones 
detected.  Of  the  seven  remaining  RFLP  types  that  appeared 
exclusively  in  the  PCB-dechlorinating  enrichment  culture  with 
sediment,  only  four  were  detected  in  the  absence  of  sediment 
(RFLP  types  4,  6,  11,  and  17)  and  only  the  relative  detection 
frequencies  of  RFLP  type  5  increased  significantly  with  the 
onset  of  dechlorination.  The  absence  of  RFLP  types  2,  9,  12, 
14,  20,  and  54  indicated  that  these  species  were  diluted  out  to 
undetectable  levels  after  sediment  was  deleted.  Although  this 
observation  suggests  that  the  latter  species  are  not  required  for 
oiiho  dechlorination  of  2,3,5,6-CB,  it  does  not  rule  out  the 
possibility  that  they  are  capable  of  dechlorination  but  lacked 
specific  growth  factors  provided  by  the  sediments.  The  three 
remaining  clones,  RFLP  types  28,  40  (6  subgroup),  and  13 
(low-G+C  gram-positive  subgroup),  were  not  observed  previ¬ 
ously  in  medium  that  contained  sediment  but  were  selectively 
enriched  in  the  absence  of  sediment. 

Overall,  the  most  predominant  members  of  the  methano- 
genic  archaeal  community  did  not  change  significantly  with  the 
onset  of  dechlorination  in  the  sediment-free  enrichment  cul¬ 
tures,  as  indicated  in  Fig.  2C,  and  all  were  observed  in  previous 
cultures  with  sediment  and  the  PCB  congener.  RFLP  types  4A, 


12A,  and  14A  were  detected  only  after  dechlorination  was 
observed  in  the  enrichment.  RFLP  types  3A,  5A,  and  13A  were 
detected  both  in  the  preactive  and  active  cultures.  RFLP  type 
15A  was  detected  only  in  the  absence  of  dechlorination.  RFLP 
type  5A,  the  most  predominant  clone,  had  the  highest  se¬ 
quence  homology  to  members  of  the  order  Methanosarcinales, 
whereas  the  second  most  predominant  clone,  RFLP  3A,  had 
the  highest  homology  to  members  of  the  order  MetJianomicro- 
biales. 

Effects  of  carbon  source  on  o/t/io-dechlorinating  consortia. 

PCB-dechlorinating  enrichment  cultures  grown  with  three 
fatty  acids  were  sequentially  transferred  into  defined  estuarine 
medium  that  contained  2,3,5,6-CB  and  sediment  with  sodium 
acetate  as  the  sole  electron  donor  to  minimize  community 
diversity  further.  After  three  sequential  transfers,  dechlorina¬ 
tion  was  detected  within  28  days  and  the  congener  was  com¬ 
pletely  transformed  to  3,5-CB  after  85  days  (Fig.  3).  Growth 
rates  were  not  measured  in  cultures  that  contained  sediment 
due  to  turbidity  caused  by  the  particles.  However,  enrichment 
cultures  that  contained  sodium  acetate  had  higher  dechlorina¬ 
tion  rates  than  cultures  that  contained  a  mixture  of  three  fatty 
acids.  Cultures  were  methanogenic  with  sodium  acetate. 

Community  profiles  were  determined  after  three  sequential 
transfers  of  the  enrichment  cultures  with  2,3,5,6-CB  and  so- 


RFLP  Pattern  Number 


FIG.  2.  (A)  Reductive  dechlorination  of  2,3,5,6-CB  in  sediment-free  Balti¬ 
more  Harbor  enrichment  cultures  with  a  mixture  of  three  fatty  acids  as  carbon 
sources.  Sediment  was  removed  by  dilution  after  four  sequential  transfers.  The 
enrichment  culture  was  sampled  for  phylogenetic  analysis  prior  to  the  onset  of 
dechlorination  (preactive,  day  102)  and  during  oiiho  dechlorination  (active,  day 
240).  (B)  Community  profiles  of  bacterial  16S  rDNA  clones  from  sediment-free 
Baltimore  Harbor  enrichment  cultures  prior  to  (■)  and  following  (□)  the  onset 
of  oiiho  dechlorination,  (C)  Community  profiles  of  archaeal  16S  rDNA  clones 
from  sediment-free  Baltimore  Harbor  enrichment  cultures  prior  to  (■)  and 
following  (□)  the  onset  of  ortho  dechlorination. 
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FIG.  3.  Dechlorination  rates  of  Baltimore  Harbor  cultures  treated  with  phys¬ 
iological  inhibitors.  Symbols;  A,  no  inhibitor;  ■,  3  mM  BES;  •,  20  mM  sodium 
molybdate;  ▼,  lOO-jJL^ml  vancomycin. 


dium  acetate  (Fig.  4A).  Only  6  RFLP  types,  6,  7, 15, 17, 24,  and 
40,  of  the  19  predominant  RFLP  types  detected  in  the  previous 
cultures  that  contained  fatty  acids  were  detected  in  cultures 
that  contained  only  acetate  as  an  electron  donor.  Interestingly, 
RFLP  types  4, 5, 11, 13,  25,  and  28,  which  were  predominant  in 
cultures  that  contained  a  mixture  of  fatty  acids  that  included 
sodium  acetate,  were  not  detected  in  dechlorinating  enrich¬ 
ment  cultures  grown  with  sodium  acetate  alone.  These  results 
suggest  that  growth  of  the  latter  species  was  linked  to  butyrate 
or  propionate  catabolism.  The  shift  to  acetate  resulted  in  a 
significant  overall  change  in  the  community.  The  most  predom¬ 
inant  RFLP  types  (105,  108,  109,  and  116;  frequency,  >2/96 
clones)  detected  in  enrichment  cultures  containing  sodium  ac¬ 
etate  were  not  detected  previously,  indicating  that  their  growth 
may  be  linked  specifically  to  acetate.  All  of  the  predominant 
RFLP  types  belonged  to  the  8  subgroup. 

Eflfects  of  selective  inhibitors  on  o/tfto-dechlorinating  con¬ 
sortia.  To  further  reduce  community  diversity  and  select  for 
microbial  species  linked  to  ortho  dechlorination  of  2,3,5,6-CB 
with  sodium  acetate  as  the  growth  substrate,  enrichment  cul¬ 
tures  were  transferred  into  medium  that  contained  physiolog¬ 
ical  inhibitors.  The  inhibitors  included  BES,  which  selectively 
inhibits  the  methanogenic  archaea  (16);  sodium  molybdate,  an 
analogue  of  sulfate,  which  selectively  inhibits  sulfate-reducing 
bacteria  (31);  and  vancomycin,  which  selectively  inhibits  gram¬ 
positive  bacteria  by  inhibiting  biosynthesis  of  the  cell  wall  pep- 
tidoglycan  (27).  Active  cultures  were  transferred  to  medium 
that  contained  the  selected  physiological  inhibitor  and  then 
sampled  for  analysis  of  the  16S  rDNA  community  profile  after 
the  onset  of  dechlorination. 

The  addition  of  BES  only  slightly  inhibited  the  rate  of  de¬ 
chlorination,  and  nearly  complete  dechlorination  of  2,3,5,6-CB 
to  3,5-CB  occurred  within  85  days  (Fig.  3).  The  bacterial  di¬ 
versity  and  relative  numbers  of  bacterial  species  in  the  BES- 
treated  culture  closely  resembled  those  in  untreated  control 
cultures  (Fig.  4 A  and  B).  Seven  previously  undescribed  RFLP 
types  were  detected,  but  only  RFLP  type  130  (low-G+C  gram¬ 
positive  subgroup)  was  predominant  at  frequencies  of  ^2/96 
clones  sampled.  However,  methanogenesis  did  not  occur  and 
archaeal  rDNA  was  not  detected  by  PCR,  indicating  that  the 
methanogenic  archaea  were  not  required  for  ortho  dechlorina¬ 
tion  of  2,3,5,6-CB  to  2, 3,5-CB  and  3,5-CB  with  sodium  acetate. 

As  expected,  vancomycin  caused  a  more  significant  shift  in 
the  bacterial  community  than  BES  (Fig.  4C).  Interestingly, 


vancomycin,  like  BES,  also  inhibited  methanogenesis  and  pre¬ 
cluded  detection  of  archaeal  rDNA  by  PCR,  confirming  that 
the  methanogenic  archaea  were  not  required  for  ortho  dechlo¬ 
rination  of  2,3,5,6-CB  with  sodium  acetate.  Five  RFLP  types,  6, 
7,  17,  24,  and  105,  were  detected  previously  in  PCB-dechlori- 
nating  cultures  that  did  not  contain  an  inhibitor.  Of  the  10 
RFLP  types  not  detected  previously,  the  two  most  predomi¬ 
nant  (frequency,  >2/96  clones),  144  and  146,  were  most  closely 
related  to  the  8  subgroup. 

The  addition  of  sodium  molybdate  (final  concentrations  of  2 
and  20  mM)  completely  inhibited  dechlorination  and  inhibited 
methanogenesis  of  2,3,5,6-CB  (Fig.  3).  Furthermore,  the  geno¬ 
mic  yield  of  this  culture  was  approximately  10-fold  lower  than 
that  of  the  previous  cultures,  and  the  bacterial  diversity  was 
significantly  reduced  (Fig.  4D).  As  expected,  RFLP  types  40, 
105,  108,  109,  and  116,  which  had  sequence  similarity  to  the  8 
subgroup,  were  not  detected  in  the  molybdate  culture.  How¬ 
ever,  the  relative  detection  frequency  of  RFLP  type  6,  which  is 
also  phylogenetically  related  to  the  8  subgroup,  was  similar  to 
that  of  the  positive  control,  along  with  low-G+C  gram-positive 
RFLP  types  7,  15,  and  24.  RFLP  type  138  (low-G+C  gram- 
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FIG,  4.  Effects  of  physiological  inhibitors  on  community  profiles  of  Balti¬ 
more  Harbor  enrichment  cultures  enriched  with  2,3,5,6-CB,  acetate,  and  0.1% 
Baltimore  Harbor  sediment.  Panels:  A,  no  inhibitor;  B,  3  mM  BES;  C,  100-ji.g/ml 
vancomycin;  D,  20  mM  sodium  molybdate. 
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positive  subgroup)  was  detected  only  in  this  culture  and,  there¬ 
fore,  was  unlikely  to  represent  an  o/t/^o-dechlorinating  species. 

DISCUSSION 

Molecular  screening  of  the  16S  rDNAs  from  the  total  com¬ 
munity  of  genomic  DNAs  was  used  to  characterize  microbial 
consortia  in  PCB-a/t/io-dechlorinating  enrichment  cultures 
without  isolation  of  heretofore  unculturable  dechlorinating 
species.  Bias  can  be  introduced  at  various  stages  in  the  proto¬ 
col,  particularly  during  cell  lysis  and  PCR  amplification.  There¬ 
fore,  to  minimize  screening  bias,  a  physical  cell  lysis  method, 
bead  mill  homogenization,  was  used  to  effectively  lyse  all  cell 
types,  including  those  most  recalcitrant  to  physical  and  enzy¬ 
matic  treatments  (22,  26).  To  minimize  PCR  bias,  separate 
primers  were  used  for  bacterial  and  archaeal  phylogenetic  do¬ 
mains.  The  primers  were  tested  with  Baltimore  Harbor  enrich¬ 
ment  cultures  and  determined  empirically  to  yield  greater  com¬ 
munity  diversity  than  other  “universal”  primers  previously 
described  (data  not  shown).  In  addition,  PCR  parameters, 
including  use  of  a  denaturant  (formamide),  temperature,  and 
ion  concentration,  were  optimized  to  yield  maximum  diversity 
in  the  community  profiles  of  Baltimore  Harbor  enrichment 
cultures.  Other  factors,  such  as  species-specific  16S  rDNA  copy 
number  and  PCR  bias  for  a  low-G+C  template,  also  affect  the 
quantitative  assessment  of  microbial  communities  (14),  and  as 
a  result,  this  approach  can  provide  only  an  estimate  of  the 
actual  abundance  of  microorganisms  in  each  enrichment.  In 
the  current  study,  all  enrichment  cultures  were  sequentially 
transferred  from  the  same  inoculum  source  and  grown  under 
similar  conditions.  Throughout  the  study,  community  profile 
comparisons  of  duplicate  cultures  and  of  sequential  transfers 
of  identical  treatments  were  reproducible  (data  not  shown). 
Therefore,  it  was  possible  to  determine  whether  an  individual 
species  was  associated  with  PCB  dechlorination  by  assaying  for 
the  coexistence  or  mutual  exclusion  of  its  RFLP  type  with 
dechlorination  after  treatment  with  physiological  inhibitors.  By 
monitoring  the  rates  of  dechlorination  and  relative  frequencies 
of  detection  of  specific  RFLP  types  associated  with  PCB  de¬ 
chlorination,  this  approach  was  used  to  establish  a  highly  de¬ 
fined  PCB-oAt/io-dechlorinating  community  and  to  monitor  the 
effects  of  sequential  culture  transfers  and  treatments  on  spe¬ 
cific  community  members. 

Previous  attempts  to  identify  and  isolate  anaerobic  PCB  de- 
chlorinators  by  selective  enrichment  and  isolation  techniques 
have  been  unsuccessful  (2).  The  failure  to  identify  these  spe¬ 
cies  is  likely  due  to  the  development  of  previous  enrichment 
cultures  in  complex,  undefined  medium,  which  resulted  in  se¬ 
lection  for  faster-growing,  non-PCB-dechlorinating  microor¬ 
ganisms  that  likely  outcompete  PCB  dechlorinators.  By  using 
the  SEMM  approach,  conditions  were  developed  that  would 
maintain  cultures  of  PCB-dechlorinating  consortia  indefinite¬ 
ly  in  a  defined  minimal  medium.  While  other  molecular  ap¬ 
proaches  have  been  described  for  the  isolation  of  bacteria  from 
the  environment  (19,  23,  33),  this  is  the  first  reported  applica¬ 
tion  of  a  molecular  approach  for  the  development  of  a  defined 
PCB-dechlorinating  consortium  in  a  minimal  medium.  By  re¬ 
ducing  the  medium  complexity,  the  community  diversity  in  a 
PCB-dechlorinating  consortium '  was  systematically  reduced 
with  the  addition  of  medium  components  and  physiological 
inhibitors  that  selectively  promoted  the  growth  of  species  in¬ 
volved  in  ortho  dechlorination  of  2,3,5, 6-CB.  Screening  of  the 
microbial  communities  by  RFLP  of  PCR-amplified  16S  rDNA 
as  the  cultures  were  selectively  enriched  provided  a  means  for 
effectively  monitoring  the  effects  of  treatments  on  individual 
species  and,  by  a  process  of  elimination,  enabled  us  to  identify 


species  that  are  most  likely  to  catalyze  PCB  dechlorination.  In 
addition,  the  phylogeny  of  individual  RFLP  types  was  deter¬ 
mined  by  comparative  sequence  analysis  of  the  PCR-amplified 
16S  rDNA  fragments  (Fig.  5). 

By  sequentially  transferring  cultures  in  both  the  presence 
and  the  absence  of  2, 3, 5, 6-CB,  species  that  had  a  selective 
growth  advantage  with  the  congener  were  enriched,  as  indicat¬ 
ed  by  differences  in  the  community  profiles.  However,  several 
RFLP  types  were  present  under  both  culture  conditions,  indi¬ 
cating  that  these  species  utilized  alternative  electron  accep¬ 
tors  to  PCB  for  growth.  Possible  mechanisms  included  (i) 
methanogenic  carbon  dioxide  reduction  by  hydrogen-utilizing 
methanogens  via  interspecies  hydrogen  exchange  with  propi¬ 
onate-  and  butyrate-utilizing  acetogens  or  acetate-dismutating 
species,  which  include  low-G+C  gram-positive  species  such  as 
Clostridia  and  members  of  the  8  subgroup;  (ii)  dismutation  of 
acetate  by  aceticlastic  methanogens;  (iii)  fatty  acid  oxidation 
with  unknown  dissimilatory  electron  acceptors  in  sediment; 
and  (iv)  fatty  acid  oxidation  with  PCB  as  a  dissimilatory  elec¬ 
tron  acceptor. 

To  further  reduce  selection  to  growth-linked  or  cometabolic 
PCB  dechlorination,  enrichment  cultures  were  initiated  and 
sequentially  transferred  into  totally  defined  sediment-free  me¬ 
dium.  Although  the  medium  complexity  was  reduced,  the  over¬ 
all  community  diversity  was  reduced  only  slightly  and  the  same 
phylogenetic  groups  (the  8,  low-G+C  gram-positive,  Theimo- 
togales,  and  Dehalococcoides  subgroups)  were  detected,  indi¬ 
cating  that  most  species  from  the  initial  enrichment  cultures 
adapted  to  growth  without  sediments.  Past  reports  have  indi¬ 
cated  that  sediments  were  required  in  order  to  maintain  mi- 
crobially  mediated  PCB-dechlorinating  activity  through  se¬ 
quential  transfers,  and  several  possible  roles  for  sediment  in 
the  dechlorination  process  are  discussed  by  Cutter  et  al.  (9) 
and  Boyle  et  al.  (5).  By  developing  a  microbial  community 
adapted  to  growth  in  defined  medium,  it  was  possible  to  fur¬ 
ther  reduce  the  complexity  of  the  or^/io-dechlorinating  com¬ 
munity  systematically  by  eliminating  or  substituting  compo¬ 
nents. 

The  influence  of  the  carbon  source  on  the  community  of 
PCB-dechlorinating  enrichment  cultures  was  investigated. 
Changing  the  carbon  source  from  a  mixture  of  butyrate,  pro¬ 
pionate,  and  acetate  to  acetate  as  the  sole  electron  donor 
caused  a  dramatic  shift  in  the  microbial  community.  Although 
the  growth  rates  observed  in  enrichment  cultures  with  the 
mixture  of  fatty  acids  were  greater  than  rates  observed  in 
cultures  with  acetate  alone,  the  dechlorination  rate  was  greater 
in  enrichment  cultures  that  contained  acetate  alone.  It  is  well 
documented  that  enrichment  conditions,  choice  of  PCB  con¬ 
gener,  and  source  of  inoculum  can  influence  dechlorinating 
activities  (2).  However,  this  is  the  first  confirmed  report  of  the 
influence  of  an  electron  donor  on  the  community  profile  of  a 
PCB-dechlorinating  enrichment  culture. 

The  overall  results  of  this  study  show  that  the  defined  growth 
conditions  supported  the  growth  of  only  four  phylogenetic 
subgroups  among  the  bacteria,  i.e.,  the  8,  low-G+C  gram-pos¬ 
itive,  and  Theimotogales  subgroups  and  a  single  species  near 
the  deeply  branching  species  D.  ethenogenes,  and  two  phyloge¬ 
netic  subgroups  among  the  archaea,  i.e.,  the  H2>C02  utilizing 
Methanomicrobiales  subgroup  and  the  methylotrophic  and  ace¬ 
ticlastic  Methanosarcinales  subgroup  (Fig.  5).  The  detection  of 
the  H2-C02-utilizing  methanogens  indicates  that  hydrogen  was 
likely  generated  by  fatty  acid-oxidizing  acetogenic  bacteria. 
This  conclusion  is  supported  by  the  observation  that  H2-CO2- 
utilizing  Methanomicrobiales  and  methylotrophic  and  aceticlas¬ 
tic  Methanosarcinales  subgroup  species  are  evenly  distributed 
when  enrichment  cultures  are  grown  on  a  mixture  of  fatty 
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FIG.  5.  Phylogenetic  tree  inferred  from  comparative  sequence  analyses  of  partial  16S  rDNA  sequences  from  several  predominant  clones  obtained  from  PCB- 
ort/io-dechlorinating  enrichment  cultures.  For  construction  of  a  phylogenetic  tree,  approximately  890-bp  segments  of  selected  sequences  were  aligned  manually  with 
a  collection  of  known  bacterial  16S  rRDAs  (for  nucleotide  sequence  accession  numbers,  see  Materials  and  Methods)  obtained  from  the  GenBank  database  by  using 
software  described  by  Chun  (7).  Evolutionary  distances,  expressed  as  estimated  changes  per  100  nucleotides,  were  calculated  from  the  percentages  of  similarity  by  using 
the  correction  of  Jukes  and  Cantor  (18).  A  dendogram  was  constructed  with  PHYLIP  based  on  the  unweighted  pair  group  method  with  arithmetic  averages  (15).  The 
bar  represents  0.1  U  of  evolutionary  distance. 


acids,  but  Methanosarcinales  species  become  most  predomi¬ 
nant  with  acetate  only.  However,  dechlorination  was  observed 
when  methanogenesis  and  growth  of  all  methanogenic  archaea 
were  inhibited  by  BES,  indicating  that  methanogenic  archaea 
are  not  required  for  acetate-mediated  ortho  dechlorination  of 
2,3,5,6-CB.  The  slight  inhibition  of  dechlorination  with  BES 
treatment  likely  resulted  from  nonspecific  inhibition  of  bacte¬ 
rial  species  that  were  involved  in  dechlorination.  This  conclu¬ 
sion  is  further  supported  by  the  observation  that  vancomycin 
treatment  also  inhibited  methanogenesis  and  methanogen 
growth  but  had  only  a  slight  effect  on  the  rate  of  dechlorina¬ 
tion.  A  report  by  May  et  al.  indicated  that  colonies  of  PCB- 
enriched  consortia  plated  on  solidified  media  para  and/or  meta 
dechlorinated  2,3,4-CB  and  2,4,5-CB  in  the  absence  of  metha¬ 
nogenesis  (24).  In  contrast,  the  same  cultures  lost  the  ability  to 
dechlorinate  2,5,3',4'-CB  and  3,4,2LCB  concurrently  with  the 
loss  of  methanogenic  activity.  Likewise,  Ye  et  al.  (38)  reported 
that  methanogenesis  occurred  concurrently  with  process  H 
{meta,  para)  dechlorination  of  Aroclor  1242  but  that  process  M 
{meta)  dechlorination  occurred  in  the  absence  of  methanogen¬ 
esis.  Results  of  the  current  study  show  that  ortho  dechlorina¬ 
tion  of  2,3,5,6-CB  is  catalyzed  in  the  absence  of  methanogen¬ 
esis.  These  results,  in  conjunction  with  previous  reports  on 
para  and  meta  dechlorination  of  individual  congeners  and  Aro- 
clors,  support  the  hypothesis  that  different  phylogenetic  groups  of 
bacteria  and  archaea  dechlorinate  selected  PCB  congeners. 


RFLP  type  15,  which  had  high  sequence  similarity  to  Clos¬ 
tridium  sp.,  was  inhibited  by  the  addition  of  vancomycin  but  not 
by  molybdate.  Reduction  in  the  relative  abundance  of  RFLP 
type  15  by  the  addition  of  vancomycin  or  by  the  removal  of 
sediment  did  not  affect  the  rate  of  removal  of  ortho  chlorines 
from  2,3,5,6-CB,  which  suggests  that  RFLP  type  15  does  not 
have  a  role  in  dechlorination.  Following  pasteurization  (80°C 
for  1  h)  of  cultures  containing  fatty  acids  and  sediment,  ortho 
dechlorination  ceased,  further  supporting  the  conclusion  that 
spore-forming  microbes  such  as  Clostridium  spp.  are  not  re¬ 
sponsible  for  ortho  dechlorination.  In  contrast,  para  and  meta 
dechlorination  of  Aroclor  1242  by  Hudson  River  sediments 
was  shown  to  be  resistant  to  pasteurization  (36).  Davenport  et 
al.  have  reported  that  archaeal  and  clostridial  16S  sequences 
are  predominant  in  microcosms  that  meta  and  para  dechlori¬ 
nate  2',3,4-CB  (10).  However,  neither  of  the  latter  two  studies 
reported  ortho  dechlorination,  which  further  supports  the  hy¬ 
pothesis  that  different  species  exhibit  congener  specificity. 

Species  most  frequently  associated  with  ortho  dechlorination 
of  2,3,5,6-CB  in  the  Baltimore  Harbor  enrichment  cultures  had 
high  sequence  similarities  to  described  species  of  dissimilatory 
sulfur-  and  sulfate/iron-reducing  bacteria.  In  the  presence  of 
molybdate,  ortho  dechlorination  of  2,3,5,6-CB  was  inhibited. 
Further,  with  the  exception  of  one  species,  all  of  the  16S  rDNA 
clones  frequently  associated  with  actively  dechlorinating  cul¬ 
tures  cluster  with  the  sulfate/iron-dissimilating  8  subgroup  or 
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the  elemental  sulfur/thiosulfate/sulfite-dissimilating  low-G+C 
gram-positive  and  Thermotogales  subgroups.  Ye  proposed  that 
spore-forming  dissimilatory  sulfate-reducing  bacteria  were  re¬ 
sponsible  for  process  M  {meta)  dechlorination,  since  pasteur¬ 
ization  and  ethanol  treatment  did  not  inhibit  dechlorinating 
activity  in  freshwater  cultures  but  addition  of  molybdate  did 
inhibit  activity  (39).  In  addition,  described  species  that  reduc- 
tively  dechlorinate  aromatic  or  aliphatic  compounds  also  clus¬ 
ter  with  sulfate  or  sulfur/iron  reducers  in  the  8  subgroup  (e.g., 
Desiilfomonile  tiedjei,  Pelobacter  sp.  TT4B  strain  2CP1)  and 
with  the  sulfur/thiosulfate/sulfite  reducers  in  the  low-G+C 
gram-positive  subgroup  (e.g.,  Desiilfitobacterium  dehalogenans 
and  Desulfitobacterium  frappieri)  (4,  8, 12,  20,  35).  Although  spe¬ 
cies  related  to  the  Thermotogales  subgroup  have  not  been 
previously  implicated  in  reductive  dechlorination,  several  mem¬ 
bers  of  this  phylum  are  capable  of  S®  reduction.  Another  spe¬ 
cies  that  was  detected  in  orr/io- dechlorinating  enrichment 
cultures  had  the  highest  sequence  similarity  to  the  deeply 
branching  species  Dehalococcoides  ethenogenes,  which  has  been 
described  as  an  obligate  perchloroethylene-dechlorinating  spe¬ 
cies  (25).  The  consistent  detection  of  this  species  in  actively 
PCB-o/t/zc>-dechlorinating  cultures  and  its  absence  from  non- 
dechlorinating  cultures  present  the  intriguing  possibility  that 
other  obligate  dehalogenating  species  exist. 

In  summary,  SEMM  has  been  shown  to  be  an  effective  ap¬ 
proach  for  developing  community  profiles  associated  with 
specific  PCB-dechlorinating  activities  in  a  minimal  defined 
medium.  By  using  this  approach,  we  have  demonstrated  that  high¬ 
ly  defined  orT/zo-dechlorinating  enrichment  cultures  have  been 
developed  and  a  stable  microbial  community  has  been  main¬ 
tained  throughout  sequential  transfers  in  minimal  growth  con¬ 
ditions.  Based  on  nutrient  requirements  of  known  species 
closely  related  to  species  identified  in  these  ozt/zo-dechlorinat- 
ing  enrichment  cultures,  efforts  are  currently  under  way  to  iso¬ 
late  and  further  characterize  species  from  the  enrichment  com¬ 
munity  to  confirm  their  role  in  catalysis  of  the  dechlorination 
process. 
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Reductive  dechlorination  of  Aroclor  1260  was  investigated  in  anaerobic  slurries  of  estuarine  sediments  from 
Baltimore  Harbor  (Baltimore,  Md.).  The  sediment  slurries  were  amended  with  800  ppm  Aroclor  1260  with  and 
without  the  addition  of  350  jiM  2,3,4,5-tetrachlorobiphenyl  (2,3,4,5-CB)  or  2,3,5,6-tetrachlorobiphenyI  (2, 3,5,6- 
CB)  and  incubated  in  triplicate  at  30°C  under  methanogenic  conditions  in  an  artificial  estuarine  medium.  After 
6  months,  extensive  meta  dechlorination  and  moderate  ortho  dechlorination  of  Aroclor  1260  occurred  in  all 
incubated  cultures  except  for  sterilized  controls.  Overall,  total  chlorines  per  biphenyl  decreased  by  up  to  34%. 
meta  chlorines  per  biphenyl  decreased  by  65,  55,  and  45%  and  ortho  chlorines  declined  by  18,  12,  and  9%, 
respectively,  when  2,3,4,5-CB,  2,3,5, 6-CB,  or  no  additional  congener  was  supplied.  This  is  the  first  confirmed 
report  of  microbial  ortho  dechlorination  of  a  commercial  polychlorinated  biphenyl  mixture.  In  addition, 
compared  with  incubated  cultures  supplied  with  Aroclor  1260  alone,  the  dechlorination  of  Aroclor  1260  plus 
2,3,4,5-CB  or  2,3,5,6-CB  occurred  with  shorter  lag  times  (31  to  60  days  versus  90  days)  and  was  more  extensive, 
indicating  that  the  addition  of  a  single  congener  stimulated  the  dechlorination  of  Aroclor  1260. 


Polychlorinated  biphenyls  (PCBs)  and  other  anthropogenic 
pollutants  adsorb  to  sediments  due  to  the  hydrophobic  nature 
of  the  compounds.  As  sediments  settle,  adsorbed  PCBs  accu¬ 
mulate  in  the  lower  anoxic  layers  of  the  sediment  column, 
where  reductive  dechlorination  of  PCBs  by  anaerobic  micro¬ 
organisms  has  been  demonstrated  to  occur  in  the  laboratory 
and  in  situ  (1,  2,  4,  5,  10,  12,  22).  The  turnover  of  naturally 
formed  halogenated  organics  in  marine  coastal  regions  sug¬ 
gests  that  these  environments  have  a  significant  potential  for 
dechlorination  (14,  18).  However,  few  studies  have  focused  on 
the  dechlorination  of  PCBs  in  marine  and  estuarine  sediments 
(2,  11,  20). 

Anaerobic  PCB  dechlorination  has  the  potential  to  reduce 
the  toxicity  of  the  PCBs  (5,  11,  23)  and  convert  highly  persis¬ 
tent  congeners,  frequently  the  more  extensively  chlorinated 
congeners,  into  forms  that  are  more  amenable  to  aerobic  deg¬ 
radation  (6,  8,  13,  15,  26).  However,  only  the  loss  of  meta 
and/or  para  chlorines  has  been  demonstrated  when  preexisting 
or  freshly  added  commercial  PCB  mixtures  (e.g.,  Aroclors 
1242,  1254,  and  1260,  etc.)  have  been  microbially  dechlori- 
nated  in  sediments  from  the  Hudson  River  (N.Y.),  Silver  Lake 
(Pittsfield,  Mass.),  Woods  Pond  (Lenox,  Mass.),  and  Puget 
Sound  (2,  3,  7,  20,  21).  ortho  dechlorination  of  an  Aroclor  has 
not  been  demonstrated,  and  microbial  dechlorination  of  Aro¬ 
clor  1260,  preexisting  or  freshly  added  to  sediments,  has  not 
been  very  extensive.  The  addition  of  single  PCB  congeners,  in 
a  process  called  priming,  stimulated  the  dechlorination  of  Aro¬ 
clor  1260  residue  in  Woods  Pond  sediments,  but  priming  did 
not  promote  ortho  dechlorination  of  the  residual  Aroclor  1260 
(3,  5,  7,  31). 

Baltimore  Harbor  (BH;  Baltimore,  Md.)  has  been  heavily 
impacted  by  industrial  activity  over  the  last  150  years,  and 
PCBs  have  accumulated  in  sediments  throughout  the  harbor 
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(27).  We  recently  reported  that  the  single  congeners  2,3,5,6- 
chlorobiphenyl  (2,3,5,6-CB),  2,3,5-CB,  and  2,3,6-CB  were  or¬ 
tho  dechlorinated  by  enrichment  cultures  that  contained  sedi¬ 
ments  collected  from  the  northwest  branch  of  the  harbor  (9). 
Here  we  describe  the  anaerobic  dechlorination  of  Aroclor  1260 
by  enrichment  cultures  prepared  with  these  sediments.  The 
data  demonstrate  extensive  meta  dechlorination  and  moderate 
ortho  dechlorination.  Furthermore,  we  show  that  the  meta  and 
ortho  dechlorinations  are  stimulated  by  the  addition  of  single 
PCB  congeners. 

MATERIALS  AND  METHODS 

Sediment  collection  and  storage.  Collection  of  estuarine  sediments  from  BH 
was  described  previously  (9),  and  the  sediment  samples  were  stored  anaerobi¬ 
cally  at  room  temperature  for  14  months  in  the  dark  before  use  in  these  exper¬ 
iments.  No  background  PCBs  were  detected  in  these  sediments  based  on  meth¬ 
ods  described  below  (detection  limit,  —0.01  jxg/g  of  PCB  standard  used). 

Preparation  of  slurries  and  incubation.  Estuarine  medium  without  sulfate 
(E-Cl)  was  prepared  as  described  by  Berkaw  et  al.  (9).  In  an  anaerobic  chamber 
(Coy  Laboratory  Products,  Ann  Arbor,  Mich.)  containing  95%  nitrogen-5  % 
hydrogen,  sediment  slurries  were  prepared  by  mixing  1  volume  of  wet  BH 
sediment  with  4  volumes  of  E-Cl  medium  (equivalent  to  0.06  g  [dry  weight]  of 
sediment  per  ml).  Aliquots  of  the  slurries  (30  ml)  were  dispensed  into  50-ml 
serum  bottles  and  allowed  to  stand  for  5  days  in  the  anaerobic  chamber. 

To  prepare  sterile  controls,  slurries  were  autoclaved  twice  for  1  h  at  IZEC  on 
2  consecutive  days.  Live  cultures  and  sterile  controls  prepared  in  triplicate  were 
amended  with  800  ppm  Aroclor  1260  (800  pg  per  g  [dry  weight]  of  sediment  or 
133  pmol  per  liter  of  slurry)  and  either  350  pM  (pmol  per  liter  of  slurry) 
2,3,4,5-CB,  350  pM  2,3,5,6-CB,  or  no  additional  congener.  All  enrichment  cul¬ 
tures  were  incubated  at  30'’C  in  the  dark.  Each  month,  all  enrichments  were 
supplemented  with  a  fatty  acid  mixture  (2.5  mM  each  acetate,  propionate,  and 
butyrate). 

Sample  preparation,  extraction,  and  analysis.  The  dechlorination  of  2, 3.4,5- 
CB,  2.3,5 .6-CB,  and  Aroclor  1260  in  each  culture  was  analyzed  at  various  time 
points  throughout  a  6-month  period.  Samples  were  drawn  and  extracted  in  ethyl 
acetate  (high-performance  liquid  chromatography  grade;  Fisher  Scientific,  Pitts¬ 
burgh,  Pa,),  and  the  organic  fraction  was  passed  over  a  Florisil-copper  column  as 
described  previously  (9).  PCBs  were  analyzed  with  a  Hewlett-Packard  5890  series 
II  gas  chromatograph  (GC)  equipped  with  an  RTX-1  capillary  column  (30  m  by 
0.25  mm  [inside  diameter]  by  0.25  pm;  Restek  Corp.,  Bellefonte,  Pa.)  and  a  Ni^'^ 
electron  capture  detector  as  described  previously  (9). 

Congeners  2,3,4,5-CB  and  2,3,5,6-CB  and  their  dechlorination  products  were 
identified  by  matching  their  retention  times  with  those  of  authentic  standards 
(>90%  purity;  AccuStandard,  New  Haven.  Conn.)  and  were  quantified  by  use  of 


1052 


VoL.  64,  1998 


MICROBIAL  AROCLOR  1260  DEHALOGENATION  1053 


a  piecewise-fit  calibration  curve  generated  from  these  standards  at  9  to  16 
calibration  levels  (9).  PCB  congeners  in  Aroclor  1260  and  their  dechlorination 
products  were  identified  by  matching  their  GC  retention  times  with  a  customized 
PCB  standard  prepared  by  supplementing  Aroclor  1260  with  the  dechlorination 
products  observed  in  Woods  Pond  (24)  or  a  standard  mixture  composed  of 
3-3-CB,  3-4-CB,  3,5-3-CB,  3,5-4-CB,  2,4-3,5-CB,  and  2,5-3,5-CB.  Congener  as¬ 
signments  were  made  in  accordance  with  those  reported  by  Frame  et  al.  (16). 
Each  congener  in  the  Aroclor  mixture  was  quantified  by  use  of  a  piecewise-fit 
calibration  curve  generated  from  standards  at  4-  to  8-point  calibration  levels. 
Congener  and  homolog  distributions  for  each  sample  were  calculated  and  re¬ 
ported  in  units  of  moles  percent.  Congener  distributions  for  each  enrichment 
culture  with  Aroclor  and  2,3,4,5-CB  (or  2,3,5,6-CB)  were  calculated  after  sub¬ 
tracting  the  peaks  corresponding  to  2,3,4,5-CB  (or  2,3,5,6-CB)  and  their  poten¬ 
tial  dechlorination  products.  Therefore,  values  for  dechlorination  of  Aroclor 
1260  in  those  incubations  are  conservative. 

Mass  selective  analysis  was  performed  with  a  Hewlett-Packard  6890  series  GC 
equipped  with  an  HP-5MS  capillary  column  (30  m  by  0.25  mm  [inside  diameter] 
by  0.25  |xm;  Hewlett-Packard,  Atlanta,  Ga.)  and  a  Hewlett-Packard  6890  series 
mass  selective  detector  (MS).  Chromatographic  conditions  were  identical  to 
those  described  previously  for  the  GC-electron  capture  detector  (9).  Our  analysis 
found  that  2,4-3, 5-CB  was  not  resolved  with  2,3,6-2,6-CB  on  a  DB-1  column. 
Thus,  we  used  GC-MS  to  identify  2,4-3, 5-CB  (m/z  292)  and  2,3,6-2,6-CB  (m/z 
326)  due  to  different  molecular  formulas  between  these  two  congeners.  In  ad¬ 
dition,  analysis  of  our  PCB  standard  mixtures  on  an  HP-5MS  capillary  column 
resulted  in  the  resolution  of  2,4-3,5-CB  from  2,3,6-2,6-CB.  We  also  found  that 
2,5-3,5-CB  was  not  resolved  from  2,3,4-2-CB,  2,3,6-4-CB,  and  2,6-3, 4-CB  on  a 
DB-1  column  as  reported  previously  (16).  However,  2,5-3,5-CB  was  resolved 
from  these  congeners  by  using  an  HP-5MS  column  with  GC-MS. 


RESULTS 

Dechlorination  of  Aroclor  1260  in  BH  enrichment  cultures 
was  detected  within  4  months  (Fig.  1).  However,  the  lag  time 
decreased  to  31  days  in  sediment  slurries  additionally  supplied 
with  2,3,4,5-CB.  Congener  2,3,5,6-CB  also  stimulated  the  onset 
of  Aroclor  dechlorination  but  not  as  quickly  as  2,3,4,5-CB.  In 
addition,  the  overall  dechlorination  of  Aroclor  1260  was  en¬ 
hanced  more  by  the  presence  of  2,3,4,5-CB  than  by  2,3,5,6-CB 
(Table  1  and  Fig.  1).  After  6  months,  only  a  small  level  of  meta 
dechlorination  continued  in  the  congener-supplemented  cul¬ 
tures  and  all  ortho  dechlorination  had  ceased.  No  biphenyl  was 
detected  (by  GC-MS)  in  any  of  the  enrichment  cultures,  and 
no  PCB  dechlorination  was  observed  in  sterilized  slurries  (the 
total  chlorine  per  biphenyl  ±  standard  deviation  of  triplicate 
controls  was  6,32  ±  0.01). 

Dechlorination  of  added  congeners  2,3,4,5-CB  and  2,3,5,6- 
CB  was  detected  after  20  and  27  days,  respectively,  and  pre¬ 
ceded  the  dechlorination  of  Aroclor  1260.  After  181  days,  67 
moI%  of  2,3,4,5-CB  and  99  mol%  of  2,3,5,6-CB  were  trans¬ 
formed  to  the  same  products  reported  by  Berkaw  et  al.  (9). 
Monochlorobiphenyls  were  produced,  including  26  and  12 
mol%  of  3-CB  and  4-CB,  respectively,  in  cultures  incubated 
with  2,3,4,5-CB  and  Aroclor  1260  and  1  and  32  mol%  of  2-CB 
and  3-CB,  respectively,  in  enrichment  cultures  supplied  with 
Aroclor  1260  plus  2,3,5,6-CB.  Previous  (9)  and  subsequent 
studies  of  BH  sediments  incubated  with  2,3,5,6-CB  alone  have 
not  resulted  in  the  production  of  2-CB.  We  cannot  exclude  the 
possibility  that  2-CB,  or  any  other  monochlorobiphenyl  pro¬ 
duced,  came  from  the  transformation  of  Aroclor  1260.  How¬ 
ever,  since  we  cannot  unequivocally  determine  the  source  of 
these  monochlorobiphenyls,  they  are  discounted  in  our  overall 
assessment  of  Aroclor  dechlorination  when  the  supplemental 
congeners  are  added.  No  monochlorobiphenyls  were  detected 
in  samples  from  slurry  enrichments  supplied  with  Aroclor  1260 
alone. 

The  homolog  distribution  data  for  Aroclor  1260  before  and 
after  incubation  can  be  found  in  Table  1.  Overall,  hexa-  to 
nonachlorobiphenyls  decreased  by  65,  75,  and  88%  in  incu¬ 
bated  cultures  supplied  with  Aroclor  1260  alone,  Aroclor  1260 
plus  2,3,5,6-CB,  and  Aroclor  1260  plus  2,3,4,5-CB,  respectively, 
indicating  more  extensive  dechlorination  of  Aroclor  1260  in 


FIG.  1.  Chlorine  distribution  of  Aroclor  1260  over  the  incubation  time.  Av¬ 
eraged  data  of  triplicate  samples  are  presented.  Errors  bars  indicate  standard 
deviations  of  triplicate  samples;  if  no  error  bar  is  evident,  the  standard  deviation 
is  less  than  0.09  and  is  masked  by  the  symbols. 


enrichment  cultures  supplied  with  2,3,4,5-CB.  Significant  de¬ 
creases  were  seen  in  all  of  the  major  hexa-  and  heptachloro- 
biphenyls,  e.g.,  2,3,6-2,4,5-CB,  2,4,5-2,4,5-CB,  2,3,4-2,4,5-CB, 
2,3,5,6-2,4,5-CB,  2,3,4,5-2,3,6-CB,  2, 3, 4, 5-2, 4, 5-CB,  and  2,3, 4,5- 
2,3, 4-CB.  Large  increases  occurred  in  tri-  and  tetrachlorobi- 
phenyls  such  as  2,4-3-CB,  2,4-3,5-CB,  2,4-2,4-CB,  2,4-2,5-CB, 
and  2,4-2,6-CB.  Small  changes  in  the  concentration  of  penta- 
chlorobiphenyls  may  indicate  an  intermediary  role  for  these 
homologs. 

Chlorine  distribution  of  Aroclor  1260  over  time  indicated 
that  meta  dechlorination  was  predominant  but  was  accompa¬ 
nied  by  a  significant,  yet  more  moderate,  level  of  ortho  dechlo¬ 
rination  (Fig.  1  and  Table  1).  After  181  days,  45  to  65%  of  the 
meta  chlorines  and  9  to  18%  of  the  ortho  chlorines  had  been 
removed  depending  upon  congener  supplementation.  Only  a 
slight  decrease  of  para  chlorines  was  observed,  although  sig¬ 
nificant  para  dechlorination  of  2,3,4,5-CB  resulted  in  cultures 
supplied  with  Aroclor  1260  and  2,3,4,5-CB.  Comparisons  of 
the  congener  distributions  (±  standard  deviations)  for  incuba¬ 
tions  with  Aroclor  1260  alone,  Aroclor  1260  plus  2,3,4,5-CB, 
and  Aroclor  1260  plus  2,3,5,6-CB  are  given  in  Table  2.  Figure 
2  presents  the  data  for  the  2,3,4,5-CB-supplemented  cultures 
in  graphical  form,  including  a  difference  plot.  The  data  dem- 
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TABLE  1.  Homolog  distribution  and  chlorine  distribution  of  Aroclor  1260  after  181  days  of  incubation 


Distribution" 

Homolog  or  chlorine 

Aroclor  1260  at  0  day 

After  181  days 

Aroclor  1260 

Aroclor  1260  +  2,3,4,5-CB 

Aroclor  1260  +  2,3,5,6-CB 

PCB  homologs^ 
Dichlorobiphenyls 

0.10  ±  0.00 

0.19  ±  0.03 

4.15  ±  0.56 

0.98  ±  0.52 

Trichlorobiphenyls 

0.71  ±  0.01 

3.81  ±  0.55 

14.87  ±  0.42 

5.71  ±  0.80 

Tetrachlorobiphenyls 

1.42  ±  0.03 

53.36  ±  4.53 

60.01  ±  1.35 

61.67  ±  1.30 

Pentachlorobiphenyls 

10.81  ±  0.16 

11.35  ±  0.55 

10.43  ±  0.52 

9.84  ±  0.14 

Hexachlorobiphenyls 

45.65  ±  0.13 

12.64  ±  2.66 

4.60  ±  1.42 

13.54  ±  1.91 

Heptachlorobiphenyls 

35.61  ±  0.18 

14.33  ±  2.55 

4.17  ±  1.17 

5.90  ±  1.22 

Octachlorobiphenyls 

5.21  ±  0.09 

3.84  ±  0.38 

1.36  ±  0.26 

1.91  ±  0.31 

Nonachlorobiphenyls 

0.49  ±  0.01 

0.48  ±  0.01 

0.41  ±  0.03 

0.45  ±  0.01  '  ^ 

Chlorines  _ 

ortho 

2.49  ±  0.00 

2.26  ±  0.02 

2.04  ±  0.01 

2.19  ±  0.03 

meta 

2.55  ±  0.00 

1.39  ±  0.12 

0.89  ±  0.07 

1.15  ±  0.05 

para 

1.27  ±  0.00 

1.28  ±  0.01 

1.23  ±  0.01 

1.23  ±  0.01 

Total 

6,31  ±  0.01 

4.93  ±  0,15 

4.16  ±  0.08 

4.57  ±  0,07 

^  All  data  are  means  of  triplicate  determinations  ±  standard  deviations.  Data  for  PCB  homologs  are  in  moles  percent,  and  data  for  chlorines  are  per  biphenyl. 
*  No  mono-  or  decachlorobiphenyls  were  detected. 


onstrate  that  meta  dechlorination  led  to  substantial  increases 
in  2,4-2,4-CB,  2,4-2,5-CB,  and  2,4-2,6-CB  and  decreases  in 

2.4.5- 2,5-CB,  2,3,6-2A5-CB,  2,4,5‘2,4,5-CB,  2,3,4-2,4,5-CB, 

2.3.4.5- 2,3,4-CB,  and  2,3,4,5-2,4,5<CB  under  all  conditions. 
TTiese  changes  were  similar  to  results  reported  previously  (5, 
21).  However,  2,3,5,6-2,4-CB,  which  increased  during  meta  de¬ 
chlorination  of  Aroclor  1260  residue  in  Woods  Pond  sediment 
(5),  was  not  detected  after  6  months  of  incubation. 

ortho  dechlorination  was  evident  in  all  enrichment  cultures 
by  the  appearance  of  dechlorination  products  2,4-3,5-CB,  2,5- 

3.5- CB,  2,4-3-CB,  and  2,5-3-CB,  which  are  not  in  Aroclor  1260 
(16,  17).  Both  2,4-3,5-CB  and  2,5-3, 5-CB  were  identified  by 
GC-MS  analysis  (see  Materials  and  Methods).  Although  2,4- 

3.5- CB  and  2,5-3,5-CB  could  be  products  of  meta  or  para 
dechlorination  rather  than  ortho  dechlorination,  the  quantity 
of  substrate  congener  for  such  reactions  is  far  less  than  the 
amounts  of  2,4-3,5-CB  and  2,5-3,5-CB  observed.  As  reported 
by  Frame  et  al.  (16),  congeners  in  Aroclor  1260  which  were 
transformed  to  2,4-3,5-CB  or  2,5-3,5-CB  exclusively  by  meta 
and  para  dechlorination  are  2, 3,4-3, 4, 5-CB  (0.02  mol%),  2,4,5- 

3. 4. 5- CB  (0.21  mol%),  and  2,3,4,5-3,4,5-CB  (0.08  mol%).  Far 
greater  than  1.0  mol%  each  of  2,4-3,5-CB  and  2,5-3,5-CB  re¬ 
mained  in  all  of  our  enrichment  cultures  after  6  months  (Fig. 
2).  However,  even  higher  levels  (3.52  to  8.37  mol%  of  2,4- 

3.5- CB  and  1.86  to  4.12  mol%  of  2,5-3,5-CB)  were  present  in 
the  slurries  at  earlier  times  in  the  experiment.  These  levels 
exceed  the  combined  totals  of  the  substrate  congeners  by  more 
than  an  order  of  magnitude.  Therefore,  the  majority  of  the 
observed  2,4-3,5-CB  and  2,5-3,5-CB  in  our  enrichment  cultures 
is  due  to  ortho  dechlorination  of  Aroclor  1260.  As  the  levels  of 
2,4-3,5-CB  and  2,5-3,5-CB  declined,  corresponding  increases 
in  2,4-3-CB  and  2,5-3-CB,  which  are  not  present  in  Aroclor 
1260,  were  observed.  The  presence  of  both  2,4-3-CB  and  2,5- 
3-CB  was  further  supported  by  GC-MS  analysis  showing  the 
presence  of  a  molecular  ion  of  mfz  258  for  both  of  these 
products.  The  existence  of  these  trichlorobiphenyls  confirms 
the  ortho  dechlorination  that  produced  2,4-3,5-CB  and  2,5-3, 5- 
CB. 

The  formation  of  the  non-orr/io-chlorinated  biphenyls  3-3- 
CB,  3-4-CB,  and  3,5-3-CB  (Table  2  and  Fig.  2)  was  observed  in 
sediment  slurries  incubated  with  Aroclor  1260  plus  2, 3, 4, 5-CB 
or  2,3,5,6-CB.  In  addition,  3,5-4-CB  was  produced  in  cultures 


incubated  with  only  Aroclor  1260  and  was  further  dechlori- 
nated  in  the  other  cultures.  Since  none  of  these  congeners  are 
present  in  Aroclor  1260  (16,  17),  they  must  be  products  of 
ortho  dechlorination  because  all  congeners  in  virgin  Aroclor 
1260  contain  at  least  one  ortho  chlorine,  3-4-CB  coelutes  with 

3.4- CB,  which  is  a  potential  dechlorination  product  of  2, 3,4,5- 
CB,  but  we  have  not  observed  the  formation  of  3,4-CB  in 
incubations  with  only  2,3,4,5-CB.  Therefore,  3-4-CB  is  most 
likely  the  result  of  Aroclor  dechlorination.  Due  to  our  discount 
of  monochlorobiphenyl  production,  we  do  not  know  whether 
the  non-ortho  congeners  were  further  dechlorinated  to  mono- 
chlorobiphenyls.  Conversely,  we  observed  ortho-only-chlori- 
nated  congener  2,6-2,6-CB  at  a  low  mole  percent  but  no 

2,6-2-CB  or  2,6-CB/2-2-CB  was  detected,  indicating  that  de¬ 
chlorination  of  2,6-2,6-CB  did  not  occur  in  our  enrichment 
cultures. 

DISCUSSION 

meta  dechlorination  of  Aroclor  1260.  Extensive  meta  dechlo¬ 
rination  of  Aroclor  1260  in  BH  sediment  resulted  in  significant 
decreases  of  PCBs  with  2,3,4-,  2,4,5-,  2,3,4,5-,  and  2,3,4,6-chlo- 
rophenyl  groups  and  corresponding  increases  in  2,4-  and  2,4,6- 
chlorophenyl  groups.  These  products  are  the  same  as  those 
found  in  Aroclor  1260-contaminated  freshwater  sediments  that 
have  been  exposed  to  dechlorination  Process  N  (2,  7,  21,  31), 
Process  N  is  characterized  by  an  almost  exclusive  loss  of 
flanked  meta  chlorines  (5,  21).  No  unflanked  meta  dechlorina¬ 
tion  of  Aroclor  1260  has  been  reported.  In  addition  to  Process 
N,  we  observed  unflanked  meta  dechlorination  of  PCBs  (e.g., 

2.4- 3,5-CB-h^2,4-3-CB  and  2,5-3,5-CB-^2,5-3-CB)  with  our  en¬ 
richment  cultures.  We  suspect  that  this  is  primarily  due  to  the 
ortho  dechlorination  preceding  the  unflanked  meta  dechlorina¬ 
tion  in  our  enrichments.  Quensen  et  al.  (21)  reported  a  19% 
decrease  in  the  meta  and  para  chlorines  of  freshly  added  Aro¬ 
clor  1260  with  anaerobic  microorganisms  eluted  from  Silver 
Lake  after  a  19-week  incubation.  Aider  et  al.  (2)  demonstrated 
a  30%  removal  of  meta  and  para  chlorines  from  freshly  added 
Aroclor  1260  with  PCB-contaminated  sediment  from  Silver 
Lake  after  an  11-month  incubation.  In  comparison  to  the 
aforementioned  investigations,  our  results  exhibited  more  ex¬ 
tensive  meta  dechlorination  (up  to  65  mol%)  in  a  relatively 
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TABLE  2.  Changes  in  PCB  congeners  of  Aroclor  1260  after  181  days  of  incubation" 


Mol%  of  total  PCBs 


DB-1 
peak  no. 


PCB  congener(s) 


Aroclor  1260  at  0  dav 


After  181  days 


Aroclor  1260 

Aroclor  1260  2.3.4,5-CB 

Aroclor  1260  +  2.3.5.6-CB 

1 

2-3- 

0.01  ±  0.02 

0.97  ±  0.69 

8 

2,3-;  2-4- 

O.IO  ±  0.00 

0.18  ±  0.01 

0.32  ±  0.01 

0.30  ±  0.02 

10 

2,6-2- 

0.04  ±  0.01 

0.08  ±  0.06 

12 

3-3- 

0.99  ±  0.08 

0.12  ±0.17 

13 

3,4-;  3-4- 

1.80  ±  0.13 

0.56  ±  0.37 

14 

2,5-2- 

0.14  ±0.00 

0.49  ±  0.05 

1.13  ±  0.02 

1.23  ±0.18 

15 

2,4-2- 

0.05  ±  0.00 

0.17  ±  0.02 

0.44  ±  0.02 

0.37  ±  0.07 

17 

2,3-2-;  2,6-4- 

0.06  ±  0.00 

1.02  ±  0.17 

1.07  ±0.19 

0.50  ±0.18 

19 

2, 6-2,6- 

1.68  ±  0.31 

1.51  ±0.37 

21 

2,5-3- 

0.11  ±  0.02 

2.83  ±  0.19 

0.80  ±  0.26 

22 

2,4-3- 

0.13  ±  0.06 

6.96  ±  0.16 

1.52  ±  0.38 

23 

2,5-4- 

0.16  ±  0.00 

0.29  ±  0.02 

0.67  ±  0.03 

0.51  ±  0.08 

24 

2,4-4- 

0.10  ±  0.00 

1.13  ±  0.14 

1.03  ±  0.08 

0.55  ±0.11 

25 

2,5-2, 6- 

0.08  ±  0.00 

3.06  ±  0.21 

4.01  ±  0.20 

3.07  ±  0.35 

26 

2,4-2,6- 

9.13  ±  0.63 

10.17  ±  0.77 

4.77  ±2.15 

28 

3,5-3- 

0.36  ±  0.05 

0.11  ±0.02 

29 

2,3-2, 6- 

0.11  ±  0.00 

0.11  ±0.01 

0.15  ±  0.02 

30 

3,5-4- 

0.37  ±  0.09 

_ c 

0.06  ±  0.01 

31 

2,5-2, 5- 

0.58  ±  0.01 

1.30  ±  0.07 

2.21  ±  0.06 

5.08  ±  0.28 

32 

2, 4-2,5- 

0.08  ±  0.00 

7.92  ±  0.58 

11.05  ±0.17 

14.50  ±  0.16 

33 

2, 4-2,4- 

20,11  ±  1.96 

25.65  ±  0.85 

24.51  ±  0.97 

37 

2,4,6-2,6-;  2:3-2, 5- 

0.04  ±  0,00 

0.44  ±  0.08 

1.62  ±  0.17 

0.77  ±0.15 

38 

2,3-2,4- 

0.16  ±0.01 

0.19  ±  0.08 

0.54  ±  0.09 

39 

2,5-3, 5-^  2,3,6-4- 

0.14  ±0.00 

2.25  ±  0.12 

1.92  ±  0.08 

1.86  ±  0.18 

40 

2, 4-3,5- 

6.21  ±  0.98 

2.45  ±  0.12 

3.32  ±  0.19 

43 

2,4,6-2,5- 

1.05  ±0.11 

1.50  ±  0.03 

1.42  ±  0.05 

44 

2,4,6-2,4- 

3.81  ±  0.63 

5.23  ±  0.46 

2.60  ±  0.60 

46 

2,3, 5-2,6- 

0.74  ±  0.09 

0.01  ±  0.01 

47 

2, 5-3,4- 

0.06  ±  0.04 

0.35  ±  0.08 

1.54  ±  0,18 

48 

2,4-3,4-^  2,3,6-2,5- 

3.32  ±  0.05 

0.87  ±  0.20 

0.70  ±  0.05 

3.54  ±  0.86 

49 

2,3,6-2,4- 

1.08  ±  0.02 

0.49  ±  0.10 

0.70  ±  0.06 

50 

2,3-3, 4-;  2,3,4-4- 

0.18  ±  0.00 

51  . 

2, 3, 6-2,3-;  2,3,5-2,5 

0.32  ±  0.00 

0.1 1  ±  0.01 

0.08  ±  0.01 

0.08  ±  0.01 

53 

2,4, 5-2,5-;  2,3,5-2,4- 

4.09  ±  0.17 

0.94  ±  0.21 

0.20  ±  0.02 

0.38  ±  0.03 

54 

2,4, 5-2,4- 

0.13  ±0.09 

1.25  ±  0.09 

0,47  ±  0.03 

0.74  ±  0.05 

55 

2,4,6-3,4-;  2,3,6-2,4,6- 

1.07  ±  0.05 

1.43  ±  0.21 

1.96  ±0.13 

57 

2,4,5-2,3- 

0.13  ±0.00 

0.20  ±  0.02 

0.05  ±  0.01 

0.05  ±  0.01 

58 

2,3, 4-2,5- 

0.35  ±  0.01 

0.03  ±  0.00 

60 

2,3,6-2,3,6- 

1.65  ±  0.01 

0,52  ±  0.21 

0.77  ±  0.33 

2.60  ±  0.49 

61 

2,3,6-3,4- 

1.72  ±  0.02 

0,35  ±  0.06 

62 

2,4,5-2,4,6- 

0.33  ±  0.05 

0.58  ±  0.29 

1.93  ±  0.43 

64 

2,3,5,6-2,5- 

3.47  ±  0.03 

0.69  ±  0.14 

0.13  ±  0.03 

0.23  ±  0.05 

65 

2,3,5-2,3.6- 

1.07  ±  0.01 

0.34  ±  0.08 

0.08  ±  0.02 

0.13  ±0.04 

66 

2,3,4,6-2,5- 

0.57  ±0.01 

69 

2,4,5-3,4-;  2,3,6-2,4,5- 

9.90  ±  0.04 

2.23  ±  0.54 

0.68  ±  0.37 

5.34  ±  1,46 

71 

2,3,5,6-2,3- 

0.37  ±  0.00 

0.05  ±  0.01 

0.01  ±  0.00 

0.02  ±  0.00 

72 

2,3, 4, 6-2,3-;  2,3.5-2,3,5- 

0.14  ±0.00 

0.08  ±  0.01 

0.02  ±  0.00 

0,02  ±  0.00 

73 

2,3,5-2,4,5- 

1.33  ±  0.01 

0.64  ±0.10 

0.27  ±  0.03 

0.37  ±  0.04 

74 

23,4-3,4-;  2,3,4-2.3.6- 

3.28  ±  0.00 

0.47  ±0.10 

0.08  ±  0.02 

0.12  ±  0.03 

75 

2,4,5-2,4,5- 

9.74  ±  0.01 

2.85  ±  0.59 

0.73  ±  0.15 

1.31  ±0.22 

77 

23,4,5-2,5- 

2.90  ±  0.03 

0.60  ±0.11 

0.07  ±  0.04 

0,13  ±  0.05 

78 

23,5,6-2,3,6- 

2.00  ±  0.03 

0.83  ±0.18 

0.28  ±  0.04 

0.40  ±  0.07 

80 

2,3,4, 5-2,4-;  2,3,4-2,3,5-;  2,3,4,6-23,6- 

0.87  ±  0.00 

0.23  ±  0.05 

0.05  ±  0.01 

0.09  ±  0.02 

82 

2,3,4-2,4,5-;  2,3,5,6-3,4-;  2,3,6-3,4.5- 

9.94  ±  0.03 

2.65  ±  0.51 

0.61  ±  0.17 

0.93  ±  0.19 

83 

2,3,4, 6-3,4- 

0.23  ±  0.00 

0.05  ±  0.01 

85 

2,3,5,6-23,5- 

0.69  ±  0.01 

0.20  ±  0.04 

0.03  ±  0.01 

0.05  ±  0.01 

87 

2,3,4, 6-2,3,5- 

0.18  ±0.01 

0.08  ±  0.01 

0.01  ±  0.00 

0.03  ±  0.01 

88 

2,3,5,6-2,4,5- 

5.15  ±0.04 

2.01  ±  0.36 

0.50  ±0.12 

0.75  ±  0.17 

90 

23,4,6-2,4,5- 

2.00  ±  0.02 

0.65  ±  0.12 

0.13  ±  0.03 

0.22  ±  0.05 

91 

2,4, 5-3, 4,5- 

0.93  ±  0.06 

0.52  ±  0.19 

0.10  ±  0.03 

0.14  ±  0.03 

92 

2,3,4,5,6-2,5- 

0.53  ±  0.00 

0.18  ±  0.03 

0.04  ±  0.01 

0.07  ±  0.01 

93 

2,3,4,5-23.6- 

4.94  ±  0.01 

1.81  ±  0.33 

0.68  ±  0.31 

0.70  ±0.14 

94 

2,3,5,6-23,4 

2.39  ±  O.Ol 

0.81  ±  0.16 

0.19  ±  0.05 

0.29  ±  0.06 

95 

2,3,4, 5-3.4-;  2,3,4,6-2,3,4- 

1.82  ±  0.06 

0.71  ±0.12 

0.20  ±  0.05 

0.12  ±  0.03 

96 

2,3,4.3,4,5-;  2,3,5,6-2,3.5.6- 

0.32  ±  0.01 

0.12  ±0.02 

0.04  ±  0.03 

99 

2.3,4,6-23,5,6- 

0.10  ±0.01 

0.06  ±  0.01 

0.02  ±  0.01 

0.03  ±  0.01 

100 

2,3,4,5-2,3,5- 

0.72  ±  0.00 

0.33  ±  0.05 

0.10  ±  0.03 

0-15  ±  0.03 

102 

2,3,4,5-2,4,5- 

9.98  ±  0.06 

4.87  ±  0.82 

1.32  ±  0.32 

2.03  ±  0.40 

Continued  on  following  page 
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TABLE  2 — Continued 


Mol^  of  total  PCBs 

DB-l 

PCB  congener(s) 

After  181  dav^ 

peak  no. 

Aroclor  1260  at  0  dav 

Aroclor  1260 

Aroclor  1260  +  2.3,4,5-CB 

Aroclor  1260  -i-  2,3.5,6-CB 

103 

2,3,5,6-3,4,5- 

0.48  ±  0.01 

0.35  ±  0.04 

0.13  ±0.01 

0.18  ±  0.05 

104 

2,3,4,6-3,4,5- 

0.20  ±  0.00 

0.06  ±  0.01 

0,02  ±  0.01 

0.03  ±  0.00 

105 

2, 3,4,5, 6-2, 3,6- 

0.30  ±  0.02 

0.10  ±0.01 

0.05  ±  0.01 

0.06  ±  0.01 

106 

2,3,4, 5-2,3, 4- 

3.72  ±  0.02 

1.55  ±  0.25 

0,48  ±0.10 

0.68  ±  0.14 

107 

2,3,4,5,6-3,4- 

0.67  ±  0.02 

0.54  ±  0.09 

0.18  ±0.04 

0.25  ±  0.04 

109 

2,3,4,5-2,3,5,6- 

1.50  ±  0.01 

0.92  ±  0.12 

0.30  ±  0.07 

0.43  ±  0.08 

110 

2,3,4,5-2,3,4,6-;  2,3,4,5,6-2,4,5- 

1.35  ±  0.05 

0.89  ±0.11 

0.21  ±  0.06 

0.31  ±  0.07 

111 

2,3,4,5-3,4,5- 

0.20  ±  0.00 

0.13  ±  0.01 

0.05  ±  0.01 

0.07  ±  0.01 

112 

2,3,4,5,6-2,3,4- 

0.64  ±  0.00 

0.50  ±  0.05 

0.19  ±0.03 

0.27  ±  0.03 

113 

2,3,4,5,6-2,3,5,6- 

0.16  ±  0.00 

0.02  ±  0.00 

0.01  ±  0.00 

0.01  ±  0.00 

115 

2,3,4,5-2,3,4,5- 

1.26  ±  0.04 

1.30  ±  0.07 

0,61  ±  0.09 

0.81  ±  0.08 

117 

2, 3,4, 5, 6-2, 3, 4, 5- 

0.48  ±  0.01 

0.49  ±  0.01 

0.40  ±  0.02 

0.44  ±  0.01 

°  All  data  are  the  means  of  triplicates  ±  standard  deviations. 

*  Not  detected  in  Aroclor  1260  (16,  17). 

3,5-4-CB  was  detected  at  0.2  mol%  after  2  to  4  months  of  incubation. 


shorter  period  of  time.  This  further  demonstrates  the  potential 
for  reductive  dechlorination  of  haloaromatic  compounds  in 
estuarine  sediments. 

ortho  dechlorination  of  Aroclor  1260.  At  least  six  distinct 
microbial  dechlorination  processes  can  be  recognized  as  occur¬ 
ring  in  various  contaminated  sediments  on  the  basis  of  conge¬ 
ner  selectivity  and  the  products  observed  in  situ  and  in  labo¬ 
ratory  studies  (5,  10,  12).  In  all  previous  reports,  PCBs  are 
dechlorinated  only  by  loss  of  meta  and/or  para  chlorines.  Here 
we  have  demonstrated  the  occurrence  of  ortho  dechlorination 
of  Aroclor  1260  added  to  BH  sediment.  The  results  suggest 
that  such  activity  could  play  a  role  in  the  bioremediation  of 
Aroclors  in  marine  and  estuarine  sediments.  This  is  the  first 
confirmed  report  of  ortho  dechlorination  of  PCB  mixtures, 
although  ortho  dechlorination  of  single  congeners  has  also 
been  reported  (9,  19,  28-30).  Maximal  chlorine  removal  ap¬ 
pears  to  require  the  complementary  action  of  two  or  more 
dechlorination  processes  (5,  21).  For  example,  in  Process  N 
(flanked  meta  dechlorination  of  Aroclor  1260),  elevated 
amounts  of  2,3,5,6-2,4-CB  are  produced  by  meta  dechlorina¬ 
tion  of  2,3,5, 6-2,4, 5-CB  and  2,3,5,6-2,3,4-CB,  and  2,3,5, 6-chlo- 
rophenyl  substituents  are  recalcitrant  in  Aroclor  1260  (5). 
However,  no  2,3,5,6-2,4-CB  was  observed  in  our  slurry  enrich¬ 
ments  because  the  2, 3,5, 6-2,4, 5-CB  and  2,3,5,6-2,3,4-CB  were 
ortho  and  meta  dechlorinated  to  2, 4-3, 5-CB  and  2,4-3-CB. 
Thus,  the  combination  of  ortho  dechlorination  plus  flanked  and 
unflanked  meta  dechlorination  resulted  in  more  dechlorination 
than  that  produced  by  the  flanked  meta  dechlorination  of  Pro¬ 
cess  N. 

Specificity  of  ortho  dechlorinating  activity.  A  modest  amount 
of  ortho  dechlorination  was  observed  in  comparison  to  the 
amounts  of  meta  dechlorination  in  all  of  our  enrichment  cul¬ 
tures.  We  hypothesize  that  the  moderate  ortho  dechlorination 
of  the  Aroclor  in  our  enrichments  is  dependent  on  the  speci¬ 
ficity  of  ortho  dechlorinating  microorganisms  in  BH  sedi¬ 
ment.  Previously,  we  reported  on  the  ortho  dechlorination  of 
a  few  single  PCB  congeners  (9).  Among  those  congeners,  ~99 
mol%  of  2,3,5-CB,  --20  mol%  of  2,3,6-CB,  and  ^^92  mol%  of 

2.3.5.6- CB  were  ortho  dechlorinated.  In  that  report,  no  ortho 
dechlorination  was  observed  in  BH  sediment  incubations  sup¬ 
plied  with  2-CB,  2,3-CB,  2,4-CB,  2, 5-CB,  2,6-CB,  2,4,6-CB, 

2.6- 2,6-CB,  or  2,3,4,5-CB  over  a  6-month  period.  However, 
after  incubating  the  cultures  for  more  than  a  year,  we  have  now 
observed  the  ortho  dechlorination  of  2,4-CB  and  2,4,6-CB  to 


4-CB  and  a  .^mall  amount  of  2,6-2,6-CB  to  2,6-2-CB  in  enrich¬ 
ment  cultures  supplied  with  these  single  congeners  (data  not 
shown).  Others  have  also  reported  on  the  ortho  dechlorination 
of  unflanked  ortho  chlorines  after  extended  incubation  (29. 
30).  These  results  indicate  that  although  some  unflanked  ortho 
dechlorination  will  occur  after  extended  incubation,  the  ortho 
dechlorinators  in  BH  sediment  favor  removal  of  flanked  ortho 
chlorines,  with  the  exception  of  2,3-CB  and  2,3,4,5-CB.  In 
Aroclor  1260  (16),  only  12  mol%  of  the  congeners  bear  2,3,5- 
and  2,3,5,6-chlorophenyl  groups.  Congeners  carrying  2,3, 
6-chlorophenyl  groups  (14  mol%)  and  2,3,4-,  2,4,5-,  and 

2.3.4.5- chlorophenyl  groups  (55  moi%)  are  far  more  prevalent. 
Therefore,  relatively  smaller  amounts  of  PCBs  with  2,3,5-  and 

2.3.5.6- substitutions  in  Aroclor  1260  may  explain  why  only 
moderate  levels  of  ortho  dechlorination  of  Aroclor  1260  were 
observed  in  our  BH  sediment  enrichment  cultures.  Based  on 
the  results  presented  here  and  previously  with  single  congeners 
(9),  we  propose  pathways  for  the  dechlorination  of  Aroclor 
1260  to  the  major  ortho  dechlorination  products  observed  in 
these  experiments  (Fig.  3). 

Although  we  did  not  perform  controlled  experiments,  we 
have  observed  in  general  that  PCB  dechlorination  is  more 
stable,  i.e.,  more  extensive  and  with  shorter  lag  times,  when 
sediments  are  stored  anaerobically  at  room  temperature  (20  to 
22°C)  than  at  4°C.  K.  R.  Sowers  has  also  observed  this  with  the 
storage  of  sediments  from  several  sites  used  for  methanogenic 
enrichments.  Room  temperature  storage  is  a  possible  explana¬ 
tion  for  why  ortho  dechlorination  could  be  activated  even  after 
the  sediment  had  been  stored  for  14  months.  Other  laboratory 
studies  have  revealed  that  a  prolonged  storage  time  of  sedi¬ 
ment  at  4  to  TC  increased  the  incubation  time  required  to 
transform  50%  of  the  substrate  tested  for  chlorophenol  de¬ 
chlorination  (32)  and  changed  the  PCB  dechlorination  primed 
by  4-bromobenzoate  (25).  However,  it  is  also  important  to  note 
that  room  temperature  storage  of  an  estuarine  or  marine  sed¬ 
iment  does  not  ensure  the  development  of  ortho  dechlorina¬ 
tion.  Using  identical  storage  and  enrichment  conditions,  we 
have  not  been  able  to  enrich  for  ortho  dechlorination  with 
three  of  five  Charleston  Harbor  (Charleston,  S.C.)  sediments 
and  one  sediment  from  the  middle  of  the  Chesapeake  Bay  near 
the  mouth  of  the  Potomac  River,  meta  or  para  dechlorination 
developed  with  each  of  these  sediments  (data  not  shown). 
Therefore,  something  specific  to  the  site,  perhaps  the  microbial 
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FIG.  2.  Congener  distribution  of  Aroclor  1260  at  time  zero  (Tq)  and  after  181  days  (Tigi)  of  incubation  in  incubated  cultures  supplied  with  Aroclor  1260  and 
2,3,4,5-CB.  Averaged  data  of  triplicate  samples  are  presented. 


population,  is  more  critical  for  the  development  of  ortho  de-  2,3,4,5,6-CB  and  2,5-3,4-CB,  respectively.  The  addition  of 
chlorination  than  storage  temperature.  2,3,4,6-CB  also  stimulated  Process  N,  Process  P,  and  Process 

Effect  of  added  2,3,4,5-CB  and  2,3,5,6-CB  on  dechlorination  LP  (unflanked  para  dechlorination)  of  Aroclor  1260  residue  in 

of  Aroclor  1260.  Microbial  PCB  dechlorination  of  Aroclor  1260  Woods  Pond  sediment  and  led  to  a  34%  decrease  in  meta  and 

residue  can  be  primed  by  the  addition  of  elevated  concentra-  para  chlorines  after  12  months  of  incubation  at  25°C  (31).  Our 

tions  (200  to  500  p.M)  of  certain  PCB  congeners  (3,  5,  7,  31).  results  indicate  that  the  addition  of  single  PCB  congeners 

Bedard  and  colleagues  (3,  7)  found  that  they  could  stimulate  (2,3,4,5-CB  and  2,3,5,6-CB)  stimulates  meta  and  ortho  dechlo- 

Process  N  and  Process  P  (flanked  para  dechlorination)  of  Aro-  rination  of  Aroclor  1260  in  these  sediments  (shorter  lag  time 

dor  1260  residue  in  Woods  Pond  sediment  by  the  addition  of  and  more  extensive  dechlorination),  further  supporting  the 


2,3,5,6-2,5-CB"/2,3,5-2,3,6-CB"->-  2,3, 5-2, S-CB'^ 2,5-3, 5-CB*  2,5-3-CB^  ->  2-3-CB'’ 


2,3,5,6-2,3,4,5-CB‘’  -»■  2,3,5,6-2,4,5-CBV2,3,5,6-2,3,4-CB‘'->  2,3,5-2,4,5-CB’  ^  2,4,5-3,5-CB"  ->  2,4-3,5-CB^  ^  2,4-3-CB'' 

FIG.  3.  Proposed  pathway  of  meta  and  ortho  dechlorination  of  PCB  congeners  in  Aroclor  1260  to  produce  2,4-3, 5-CB,  2,5-3,5-CB,  2,4-3-CB,  2,5-3-CB,  and  2-3-CB. 
Superscript  a  designates  a  decreased  congener  after  incubation;  superscript  b  designates  a  congener  appearing  after  incubation;  superscript  c  designates  a  proposed 
intermediate,  which  could  not  be  identified  due  to  its  coelution  with  2,4,5-2,4-CB. 
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hypothesis  that  aiiaer  oic  bacteria  derive  energy  by  donating 
electrons  to  h  aoscnated  biphenyls  (10,  12.  22)7 
In  summr'.y-  an:'*erobic  microorganisms  in  BH  estuarine  sed¬ 
iments  ro  juctivciy  dechlorinate  Aroclor  1260.  The  dechlorina¬ 
tion  o'"  \!'ocl<v  1260  is  extensive  and  results  in  removal  of  meta 
and  ■  •  .:hiorines.  The  addition  of  single  PCB  congeners 
stinv. :  i.vi  the  meta  and  ortho  dechlorination  of  Aroclor  1260. 
Rc\  leued  together,  these  results  demonstrate  that  the  biocata- 
Ivtic  capability  of  anaerobic  microorganisms  to  reductively  de¬ 
chlorinate  PCBs  is  broader  than  previously  realized.  Such  ac¬ 
tivity  could  prove  useful  in  the  bioremediation  of  PCBs  and 
awaits  testing  with  PCB-contaminated  (aged)  sediments. 
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Differential  RFLP  patterns  of  PCR-amplified  16S  rDNA  from  anaerobic 
PCB-dechlorinating  estuarine  and  marine  sediment  enrichments. 

Elberson,  M.A.',  May,  D.H.^  and  Sowers.  K.R.^ 

University  of  Maryland  Biotechnology  Institute,  Baltimore,  MD  and  Medical 
University  of  South  Carolina,  Charleston,  SC^. 

Para-,  meta-  and  o/fho-dechlorination  activities  of  individual  polychlorinated 
biphenyl  congeners  (PCBs)  by  sediments  from  Baltimore  Harbor  have  been 
maintained  throughout  sequential  transfers  of  enrichrnent  cultures. 

However,  microorganisms  responsible  for  dechlorination  have  not  yet  been 
identified  by  standard  isolation  techniques.  In  order  to  identify  PCB  - 
dechlorinating  microorganisms,  a  procedure  was  developed  for  the  isolation 
and  PCR  amplification  of  DNA  encoding  16S  rRNA  from  marine  and 
estuarine  enrichments  containing  sediments  with  high  concentrations  of 
humic  acids.  Enrichment  slurries  were  lysed  with  glass  beads  in  phosphate 
burrer  containing  Denhardt's  solution  and  the  DNA  was  extracted  with 
phenol-chloroform.  Humic  acids  associated  with  DNA  were  removed  with 
insoluble  polyvinylpyrrolidone,  extracted  from  a  low-melt  agarose  gel 
containing  soluble  polyvinylpyrrolidone,  then  arnplified  by  PCR  using 
universal  oligonucleotide  primers.  DNAs  encoding  16S  rRNA  from  Archaea 
{Methanosarcina  thermophila),  Bacteria  {Escherichia  coii),  and  Eucarya 
{Morone  saxatilis)  are  recovered  and  amplified  from  as  few  as  10  cells  in 
sediment  slurry.  Differential  RFLP  patterns  from  PCR  generated  16S  rONA 
are  shown  for  enrichments  that  para-,  meta-  and  ortrio-dechlorinate  2,3, 4,5- 
PCB,  as  well  as  cultures  that  exhibit  para-  or  ortho-dechlorination  of  2,3,4, 5- 
PCB  and  2,3,5, 6-CB,  respectively.  Initial  analyses  of  the  gene  sequences 
from  representative  RFLP  patterns  indicate  that  this  approach  is  effective 
for  discrimination  of  mixed  rDNA  populations  in  PCB-dechlorinating 
enrichments  that  are  up  to  98%  homologous. 
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dependent  ortho-,  meta-,  and  para  -dechlorination  of  PCBs  by  anaerobic 
estuarine  and  marine  sediments  enrichments.  5th  European 
Marine  Microbiology  Symposium,  Bergen,  Norway. 
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Site-Dependence  of  ortho,  meta,  and  para  Dechlorination  of  PCBs  by 
Anaerobic  Estuarine  and  Marine  Sediment  Enrichments. 

Berkaw’.  M.,  L  Cutter',  K.  R.  Sowers^  and  H.  D.  May'*. 

The  Medical  University  of  South  Carolina,  Charleston,  South  Carolina', 
USA,  and  the  University  of  Maryland  Biotechnology  Institute.  Baltimore, 
Maryland^  USA. 

Anaerobic  dechlorination  of  polychlorinated  biphenyls  (PCBs)  was  observed 
in  enrichments  with  estuarine  and  marine  sediments  collected  along  the 
eastern  seaboard  of  the  United  States  (Chesapeak  ?  Bay  and  Charleston 
Harbor).  The  enrichments  were  incubated  in  the  dark  at  30®C  under 
obllgately  anaerobic  conditions  in  estuarine  and  marine  media  contain- ng 
short  chain  fatty  acids  as  potential  donors  of  carbon  and  electrons.  Th. 

PCBs  were  extracted  in  ethyl  acetate,  passed  over  coppertflorlsil,  and 
analyzed  by  gas  chromatography  (electron  capture  and  mass  spectral 
detection).  The  dechlorinations  developed  within  1  month  and  included 
removal  of  ortho,  meta,  and  para  chlorines  from  several  PCS  congeners. 
The  specific  type  of  reductive  dechlorination  observed  was  site-deperoient. 
An  unusual  removal  of  ortho  chlorines  was  detected  in  enrichments  with 
sediment  from  3  of  the  7  sites  examined.  Sediments  from  2  of  the  7  sites 
have  only  expressed  para  dechlorination.  Sequential  transfer  in  minimal 
medium  containing  a  single  PCB  congener  (2,3,5,6-CB)  has  resulted  in  the 
selective  enrichment  of  ortho  dechlorination.  Selective  enrichment  of  other 
specific  activities  is  being  pursued  with  alternative  single  congeners  with  the 
intent  of  isolating  and  characterizing  the  PCB-dechlorInating 
microorganisms. 


2.3.4.2'.5*.CB.  3.4.5.2‘*CB:  3.4.5.2‘.5*-CB:  3.5.3’.5'.CB:  2.4.2‘.4‘-CB; 
4  4,4‘>CB  and  3.4.5.3'-CB.  Equal  raiM  for  depleoon  of  biphenyl  and  formation  of  cu 
'^,phf ny!  2.3>dihydrDdiol  confirmed  biphenyl  2.3-dioayfenase  acdviry  wa^  reapotui' 
^  for  depleoon  of  CBa.  In  addition,  chlonnated  cu  •dihydrodiob  were  detected  aji 
^jidabon  products  by  ^  chroma t(^traphy>mass  spectrometry.  Analysts  of  the  prod* 
formed  from  2,5^'.4'-CB  by  ‘H-nuclear  maaneuc  resonance  spectrometer 
il)0*ed  tliat  molecular  oxyften  was  incorporated  at  the  3.4-poMbon  of  the  2.5- 
dichloro-substi luted  nn|t.  The  data  suggest  that  the  position  rather  than  the  number 
of  chlorine  ring  subsdnienn  is  a  major  factor  determining  the  specificity  of  biphenyl 
2^^ioxygenaae  for  Cfis. 

Q.3I.  Evolution  of  a  Pathway  for  Chlorobenzene  Metabolism  in  a 
Oontaminated  Ecosystem 

J.C.  SPAIN.*  '  S.F.  NISHINO.  ‘  C.  WERLEN.  •  and  j.R.  VAN  DER  MEER- . 

Air  Force  Res.  Lab.,  Tyndall  AFB,  FL‘  and  Swiss  Fed  InsL  Ensiron.  Sci.  Technol., 
pubendorf.  SwiixeriantP 

£oosysiems  contaminated  with  chlorobenzene  contain  bacteria  able  to  grow  on 
ctiiorobenzene  whereas  uneonuminaied  ecosystems  do  not  The  pathway  for  meubo* 
hom  of  chiorobenaene  is  uneommon  amona  aerobic  bacteria.  Prenous  work  has  shown 
diat  recombuiaoon  between  separate  gene  clusters  that  encode  an  aromaac  ting 
(doiygenase  and  the  enaymes  that  caialsie  chlorocatechol  deeradadon  can  produce  s 
fttiroonal  pathway.  The  pathway  for  chlorobenzene  degredaoon  could  have  evolved 
•Me  and  been  dtapened  or,  aliemadvely.  it  could  base  evolved  from  indigenous  bac* 
■na  in  each  contaminaied  ecosystem.  Ue  designed  experunents  to  disdnguish 
between  the  two  poasibiboca.  A  C^degrading  organism,  ffaisfonia  sp.  JS705,  with  a 
Mique  CB -degrade non  pathway  ortanizanon  w*as  isolated  from  contaminated 
pDundwaier  at  Kelly  Air  Force  Base.  Texas.  D.NA  probes  and  pruners  denved  from  the 
chlorobenzene  and  chlorocatechol  dio.isgenase  genes  of  JST05  were  used  to  screen 
mal  DNA  as  well  as  a  vinery  of  bacteria  itoiaied  from  wells  within  and  outside  the 
CB  plume.  D.NA  from  independently  isolaird  CB-deffradinz  bacteria  hybridized  wdih 
both  probes  as  did  loul  DNA  isolated  from  CB<ontaminated  wells.  Southern 
Itvbridizauons  revealed  that  CB-degradmz  isolates  from  the  site  contained  CB- 
(tegradaove  zenes  and  16S  rDNA  genes  closely  related  to  those  of  JS705.  Physiolozical 
eharactenzaiioiis  using  Biolog  plates  iiidtcaied  minor  differences  among  isolates.  The 
equence  of  a  500  bp  sechoit  of  the  chlorobenzene  dioxigenase  gene  of  JS705  was 
dcfliical  to  that  of  the  benzene  and  toluene  dio.xygenase  rene>  in  strains  isolated  from 
die  site  for  the  ability  to  degrade  benzene  or  toluene  but  not  CB.  Genes  from  CB- 
iegrading  strains  isolated  at  other  CB-conuminated  sites  were  not  closely  related  to 
the  genes  from  JS705.  The  results  indicate  that  the  pathway  arose  once  at  the  site 
through  geneuc  rrcombiniiion  between  an  acesiral  benzene-  or  toluene-degrading 
4riin  and  an  unknown  strain  containing  the  genes  for  the  chlorocatechol  degrade dve 
oaihway. 

9*32.  Charerierizaiion  of  Claaa  I  Extradiol  dioxygenaae  from  a 
Strong  PCB  degrader  Rhodocoecua  ap.  Strain  RH.\  1 

rO.MOKO  NISHAZAKI.  EUl  MASAI,  .M.\SAO  FCKIDA.  Nagaoka  Lniv.  Technology, 
wgioka.  Niigau.  Japan 

uomadc-ring-cleavage  exiradiol  dioxigenates  are  catetonzed  into  three  classes  on  the 
*tstt  of  sequence  similarity.  The  three-dunensional  smicnire  of  2.3-dihydro.ty biphenyl 
2-dioxygenases  (BphCs)  from^awidonwnozsp.  strain  KKS102  andBurkhoidenobp. 
•B400  revealed  that  the  c&ua  11  enzymes  are  composed  of  two  homologous  domains  { N- 
ind  C-ienninal  domains).  On  the  other  hand,  die  class  I  enzymes  are  half  the  size  of 
Ixss  11  and  class  111  enzymes  and  supposed  to  be  composed  of  a  single  domain.  The 
less  11  and  class  111  mzymet  are  dedut^  to  base  erolied  by  the  duplication  of  a  class 
enzyme  gene  followed  by  the  mutadoii  and  loss  of  function.  Multiple  BphC-isozyme 
-tnes  seems  to  be  common  in  Rhodococcal  PCB  degraden.  and  include  class  I  enzyme 
•'wes  such  asA.  grobemAwP6A^AC2and6pAC3.  and  B.fnfhropoiii  TA4216jpAC2.  The 
■rcsence  of  dasa  I  enzyme  gene  homoloeue  (6pAC6)  was  suggested  in  a  strong  PCB 
ngrader  RHAI.  To  obtain  a  funcoonal  implication  of  class  I  enzymes,  we  character¬ 
ed  the6/>AC6gene  and  iu  product  BphCb  oWhodococeutap.  RHAI.  The 
hnedhpACdencodes  171  amino  acid  residiin  and  its  deduced  amino  acid  sequence 
e»wed  85%  and  65%  identity  nft.  grobem/ujPb  BphC2  and  BphC3.  mpecdvely. 
^  a  small  amount  of  BpfaC6  was  produced  in  C  co/i.  eivn  under  the  lac  promoter. 

we  employed  the  His  lifgfri  expression  system.  The  Hit-tagged  fusion  BphC6  (H- 
‘phCb)  expressed  suecenhdly.  and  purified  to  homoieneiri*.  The  gel-filiratxm  chro- 
'niographv  tndicaied  the  hom^dinier  or  homo-hr.tainer  sinicnires  for  the  native  H- 
^phC6  enz^.  The  H«BphC6  wrat  very  specific  to  2.3-dihy‘droxybtphenyl,  and  exhib- 
'cd  (aim  and  little  aedvity  toward  3-methylcatrchol  and  catechoL  respectively.  The 
^HAI  H*BphC6  may  be  involved  in  the  meubolism  of  a  biphenyl-relat^  compound. 

^*33,  BioaugmenUtion  for  in  Situ  Treatment  of  Chlorinated 
Nilvent-Contaminated  Groundwater 

J.  STEFF.\.\,*  K.  SPERRY.  C.  VI-  CONDEE.  M.  VI ALSH.  VI'.  CUARINl.  and 
•  Thomas.  Envirogen.  Inc..  Lawrenceville.  .NJ.  and  Armstrong  Lab..  Tyndall 
PB.  FL 

'  Reid-scale  demnnsiraiinn  of  fMoaiizmemaiion  for  TCE  lemediarion  was  performed 
»  injecting  an  adhesion-deficient  TCE-degradiiig  bacterium.  ENV435.  into  a  con- 
***<1  aquifer.  The  organisim  xvere  injected  at  o  up-grariieni  wells,  and  iheir  migration 
‘''•High  the  aquifer  and  degradation  of  TCE.  DCEl  and  \*inyl  chloride  was  measured 
‘  •  senes  of  monitonng  wells  over  a  disunce  of  appro.xunateiy  40  feet.  Hydraulic  con- 
^  mthin  the  test  plot  was  maintained  by  recirculaDng  groundwater  from  a  dowm- 


gradient  recovery  well,  through  an  oxygenation  system,  and  into  the  6  up-gradient 
injection  wells.  A  “cuntror  plot  was  operated  without  added  bactena.  After  2  injec- 
Dons  of  organisms,  chlonnated  ethene  concentraoons  within  the  test  plot  were  redueni 
from  approximately  2  ppm  to  le^s  than  .>0  pph  at  some  monitoring  welU 
FiirtheniMire.  viable  cells  of  E.\\'435  were  recosered  throughout  the  test  plot.  .No  loss 
of  chlonnated  ethenes  was  observed  in  the  control  plot. 


Q-34.  Dichloroelhene  Biodegradation  Under  Mn(IV)-Reducing 
Condiiiona 

P.  M.  BRADLEY.  J.E.  LANDME^ER.  US  Geological  Survey,  Columbia.  SC 

DichJoroetbene  (DCE).  an  uitennediate  product  of  reducove  dechionnation  of  poly¬ 
chlorinated  ethenes.  is  one  of  the  most  common  ground-water  contaminants  in  the  US 
and  an  EPA  priority  pollutant.  Unlike  its  parent  compounds,  teirachioroethene  and 
irichloroethene.  which  are  highly  oxidized  and  readily  undergo  reducuve  ilechJonna- 
don.  DCE  is  relatively  reduced  and  resistant  to  reducove  degradaoon  except  under 
highly  reducing,  meihanogenic  conditions.  Moreover,  due  10  the  oxidized  nature  of  the 
chlonne  subsuniem.  DCE  ia  also  resistant  to  oxidan\e  degradation  and.  to  date,  sub- 
stanual  oxidaoon  of  DCE  has  been  reponed  only  under  aerobic  condiuons.  MnflV) 
oxides  are  potendally  powerful  o.odants  that  are  often  present  in  namral  ground-water 
systems.  Here  we  repon  the  first  evidence  of  rapid  anaerobic  DCE  oxidaoon  to  COj 
uniler  Vfn(IV)-reducmff  condioom.  These  results  indicate  that  oxidaove  rlegradaoon 
of  partially  chlorinated  solvents,  like  DCE.  can  be  sitnificant  under  anoxic  condiuons 
and  demonstrate  the  potential  unponance  of  Mn(l\ )  reduction  for  remediauon  of 
chlonnated  ground-water  coniaminanu 


Q-35.  Two  Anaerobic  Polychlorinated  Biphenyl-Dechlorinaiing 
Enrichment  Culturea  with  Different  Substrate  SpeciHcities 

0.  Vl'l  K.  rt.  SOVt'ERb'.  and  H.  D,  NUV.  Med.  L  niv.  of  South  Carolina. 
Charleston.  SC*,  and  Uruv,  of  .Maryland  Bioiechnologs’  Inst..  Baltimore.  .MD“ 

Two  anaerobic  poivchlonnated  biphenvl  fPCB'-dechlonnanng  enrichment  culrurp> 
wrre  obtained  from  PCB-frre  esnianne  >ediment  Charleston.  SC):  a  2.3.4.5-tetra' 
chiorobi phenyl  (2345-CB)  pnm  -tlechlonnaiing  cuinue  and  a  2.3.5.b-tetr8chJoro- 
biphenvl  (2356-CB>  meM  -dechionnaong  cuimre.  These  ennehmems  have  been 
•tei|uentiailv  transferred  8  times  in  esnianne  medium  containing  0.1  g%  of  sediment 
and  175  m.M  2345-CB  or  23.>o-CB.  The  dechlonnabon  acovirv’  of  the  2345-CB 
enrichment  culture  could  also  be  maintained  after  -equendal  transfers  in  esnianne 
inediiiin  wiilioiit  sediment.  The  dechionnaoon  acovirv’  of  the  2345-CB  ennchmeni 
culture  increased  in  the  presence  of  K,  or  10  mM  fumuraie.  while  addioon  of  10  m.M 
formate  or  10  mM  acetate  plus  2  m.VI  bromoethanesulfonate  enhanced  the  dechlon* 
nation  acbvirv  of  ilte  2356*CB  ennchmeni  cuinue.  The  dechloruiauon  acovioes  of 
these  two  cultures  were  inhibited  ui  the  presence  of  10  mM  molybdate  or  100  mg 
sireptomvTin  per  ml.  In  the  presence  of  100  mg  vancomvTin  per  ml.  dechionnaoon 
acuvirv’  was  ohserxed  in  the  2345-CB  cuinue.  but  not  in  the  23o6‘CB  culture. 
E.xpennietiis  wdth  8-11  lesieil  PCB  conzetierv  indicated  chat  2343 -CB  eiinchment 
culture  pnmarily  pom  drchlonnaied  PCBs  ie*ied  and  2356-CB  enrichment  cuimre 
only  metn  dechlonnated  PCBs.  The  result*  suggest  that  these  rwo  PCB-dechlonnaong 
cultures  contain  different  PCB-dechlonnaung  microortamsnu.  each  with  diffeient 
carbon  source  and  PCB  congener  •pecificioe>. 


Q-36.  Deffradaiion  of  l,l-dichloro-2.2-bia(4*chlorophenyl)eihylene 
(DDE)  in  Soil 

A.C.  HAY  and  D.D.  FOCHT.  Univ.  of  California.  RivYnide.  Riverside.  CA 

Vl^hile  aerobic  traruformaoon  of  DDE  in  liquid  cuimre  has  been  previously  demon¬ 
strated.  there  are  no  published  repons  of  DDE  transformadon  in  temperate  soils.  In 
this  study  we  invesogated  the  abiiirv  of  a  recombmam  organism.  Pseudomonas  aci- 
dovorans  M3CY.  10  tnnsfoirn  I4C-DDE  in  «iiJ  and  soil  slurries.  The  influence  of  a 
surfactant  Triton  X-100.  on  DDE  cransformanon  in  slurries  was  also  snidied.  The 
greatest  level  of  transformation  (>30  *•  disappearance)  occurred  in  the  unsanirated 
soil.  .Although  stgnificani  minsformauon  occuned  in  the  soil  slurries  (>35%  disap¬ 
pearance).  there  was  no  significant  diffeieiKe  in  transformafion  when  slurriet  were 
amended  with  either  100  or  200  ppm  Tnion  .\- 100.  Total  counts  of  biphenyl -degrad¬ 
ing  bacteria  were  similar  for  both  the  slurry  and  the  unsacunted  treatment  however, 
loxrer  numbers  of  M3CY  were  recovered  from  the  slurn*. 

Q-37.  Development  of  a  Field  .Application  Vector  for  PCB- 
Contaminated  Soils 

A.C.  SINGER.  E.S.  GILBERT.  D.E.  CROVULEY,  Lmv.  of  California  at  Riverside. 
Riverside.  CA 

Selected  plant-derived  terpenes  similar  to  carvone.  the  principal  component  of 
spearmint  oil.  con  induce  polychlorinated  biphenyl  (PCB)  biodegradinon  by 
Anhrobacier  sp.  strain  BIB.  .Microcosm  smdies  further  demonstrated  that  repeated 
applicauon  of  carvone-iridiiced  cells  to  Aroclor  1242-coniafninaied  soil  resulted  in  2" 
percent  degradation  of  total  PCB  over  nine  weeks.  In  an  effort  to  improve  the 
bioavailabitiry  and  metaboluin  of  «mil-bound  PCBs.  we  haxe  developed  a  field  appli¬ 
cation  vector  based  on  growth  of  .Arthrobacier  sp.  strain  BIB  on  aorbitan  tnoleaie 
(ST),  a  commercially  available  surfactant.  Strain  BIB  grew  vigorously  in  ST  medi¬ 
um-  and  had  a  half-samraiion  constant  for  ST  of  *>5  ppm.  A  preliminary  study  found 
that  ST  effectively  desorbed  22  perreni  of  the  tots  I  PCB  ui  a  contaminated  soil  after 
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^veniiii^  MTBE  biodegr»iUoon.Conirrill«j  «.njdip»  uwiig  batch  iiicubaboiLs 
that  MTBE  removai  bv  the  CAC  wa\  a  oambinaaon  of  physical  sorpnon 
I  bioh>^*^  degradation.  Maaimum  MTBK  removal  rate*  are  ntiniated  to  be  on  tlie 
w  of  ->.000  MTBE/g  CAC/dav  wth  an  apparent  half-sanirnoon  constant  of 
.^innately  7.000  ing  .VfTBE/L  ( m  the  prevnce  of  CAC).  Removal  of  MTBE  by  the 
\C  app^®*^  ^  fceiuidve.Forrv-nine  bacterial  strains  were  isolated  from  the  CAC 

^inchmeiit  on  MTBE  and  plaona  on  boiii  ^lecove  and  non-seleciive  media.  These 
ijied  strains  were  grouped  imo  nine  colony  phenotypes.  At  least  two  phenotype 
.ups  had  represeniaove  strains  that  oddiied  .MTBE  Preliminary  analysis  suggests 
,i  the  true  half-taiuraoon  constant  for  the  pure  cuimirs  is  several  orders  of  magni- 
^  lower  than  that  observed  in  the  reactor  and  that  ifte  maaiinum  specific  MTBE  o.ti- 
Ton  rates  are  low.  The  significance  of  theses  resuiis  to  the  biological  treaoneiii  of 
3E  will  be  discussed. 


315.  Acrylamide  Degradation  by  a  Pseudamonas  aeruginonn  Strain 

VINO  KUMAR  and  ASHOK  KUMAR.  School  of  Biotechnology,  Banaras  Hindu 
1%'eniry.  Varanasi,  India 

iMsinc  use  and  indischnunate  discharge  of  acrxiamide  and  other  related  amides  is 
gminc  a  serious  type  of  comamnants  ui  soil  and  water.  Higher  concentraoona  of  these 
idrs  do  not  degrade  rapidlv.  The  purpose  of  this  study  was  »  screen  and  isolate  bac* 
jJ  sirauis  capable  of  degndint  acryUmide  effinendy.  U'e  have  isolated  a  strain  of 
■ut^unonat  oeniginout  from  the  effluent  of  an  e.splo!ii\e  factory  which  showed  excel* 
,  irowih  with  as  high  as  63  mM  amlamide.  Camplete  inhibition  of  growth  was 
0d  at  90  mM.  Our  raaulia  show  that  acrylamide  is  used  as  the  sole  sources  of  car* 
I  and  niin^n  for  the  growth  of  R  oemrncwo.  Emploving  CLC  techiuque,  the  pri- 
t\  product  of  acrylamide  degradiDon  has  been  idenofied  at  acrylic  acid.  Another 
isbolite  in  the  culture  filiraie  was  determined  to  be  ammonia.  Formanoii  of  acrybc 
I  and  ammonia  by  /*.  atfumntua  resealed  close  correlioon  with  the  disappea.ance  of 
viamide  from  the  medium.  Enn-me  responsible  for  trf^  bmide  de?radadon  has  been 
;iafied  as  amidase  which  wai  inducible  ui  nanirr  R  anvmnom  appears  to  be  a 
mi  deirader  of  acrylatnide  and  mav  be  emplos-ed  m  bioremediaoon 


116.  Conatruction  of  Environmental  DV\  Libraries  and  Screening 
.Anaerobic  Utilization  of  4-Hydroxybui>Tate  by  Recombinant 
•herichin  eolt  Straina 

HLWE.*  R.  DAMEL  R.  A.  SCHMITZ,  and  G.  COTTSCHALK.  Iiisrimi  fiir 
robiologie  und  Ceneiik  der  Georg*  Aueust-L  mvfr^lU)l  Gnrangen.  Crisebachstr.  8. 
TT  Gottingen,  Germany 

•  genetic  diversity  of  the  tiucroorranisiiLs  m  an  envirotunent  offers  interesting 
omimnet  lo  encounter  new  or  unproved  genes  and  gene  products  for  biotechno* 
cal  purposes.  In  order  to  e.xploit  the  tenebc  divemrv  D.NA  bbranes  of  several  envi- 
menis  were  constructed.  D.NA  was  esiracied  from  sanous  soil  sample  by  lysis  with 
•l•sall  extraction  buffer  and  extended  hea unx  in  die  presence  of  SDS,  Tlie  final 
ificaoon  was  performed  with  the  U'lxard*  Plu»  Minipreps  DNA  Purification 
tern.  The  purified  DNA  was  paniallv  digested  with  ilomHI  or  dnuSAl.  Ugaied  in 
tiescnpi  SK  and  transformed  into  Sxhenehta  colt 

resulting  recombinant  £  colt  strains  ww  screened  on  letraiolium  indicator  plares 
the  udlixadon  of  A-hydrexyburvrate  (4-HB):  out  of  appro.timaiely  270.000 

les  were  posidve.  These  clones  showed  a  slower  erowih  rate  on  4»HB  than  £  colt 
09/pCKl.  which  harbors  the  gene  encodins  4-HB  dehydrogenase  from 
ttndtum  kluYven.  Enzymaoc  analvsis  revealed  3*HB  and  4-HB  dehydroeenase 
saiv  in  crude  e.tirocti  of  the  recombuiani  £  colt  soems.  The  inserts  of  the  plasmids 
lied  from  these  strains  wrere  sequenced.  The  deduced  gene  products  e.xhibiied  no 
oficant  similaniy  to  any  other  known  proiem. 


117.  Chmcteriiation  of  Selective  ortho  PCB-Dcchlorinating 
richment  Culture*  bv  Comparative  Sequence  Analyst*  of 
i  rDNA 

PULLIAM  HOLOMAN*.  M.  A  ELBERSON*.  L  A.  CLTTERi,  H.  D.  MAV^, 

K.  R.  SOWERS*,  *Univ.  of  .Maryland  Biotech.  Inst..  Ctr.  of  .Marine  Biotech., 
amore,  .MD  and  *The  Medical  Lniv.  of  South  Carolina.  Charleston,  SC 

ichment  cultures  chat  aelecmely  ortho-dechionnaie  2.3.5.0»ieirachiorpbiphenyl 
<  analvied  by  comparaiise  sequence  analysis  of  loS  rDNA  genes  amplified  from 
J  oommuniiy  DNAs  in  order  to  identify  potential  PCB-decWorinadng  anaerobes. 
>ulaoon  profiles  are  preaented  from  enhehments  that  ortho  dechlorinaie  2.3.5.6-CB 
ne  presence  or  abaenoe  of  lediinenL  Dechlorination  in  the  presence  of  fany  acids  or 
tate  showed  that  difieieni  carbon  sources  select  for  different  populabons.  Population 
files  from  enrichments  exposed  to  specific  inhibitors  (bromoethanesulfonic  add. 
comycin,  and  molvbdaie)  demonstrated  that  highly  enriched  PCB-dechiorinaring 
erob«  could  be  otKained.  In  addioon,  molecular  monitoring  showed  that  some 
ilv  enriched  species  found  in  dechlonnabne  culturps  mere  absent  in  inaenve  cultures 
n  ennehmeni  cultures  developed  mnihout  PCB^.  Bv  combining  selrcbve  enrichment 
.1  molecular  morutoring  (SEMM  technology  ),  defined  onho-tWchlorinabng  consortia 
e  been  established  and  maintained  throuch  -equennol  iramfers. 
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Q-:n8.  Funcitonai  Analysis  of  the  Pneudomonas  erringae  rulAP 
Determinant  in  Tolerance  to  Ultraviolet  B  (280  to  320  nm)  Radial  i< 
and  Distribution  of  rulAB  Among  P.  cyringac  Pathovars 

GEORGE  W.  SLTfDIN.  Texas  Ah.M  Lniv,.  Gollere  aiabon.  T.\ 

The  bacterial  plant  pathogen  Pseudomonat  tynnsne  is  adapted  to  arowili  and 
vival  on  leaves  in  the  phyllosphere.  a  habiui  which  is  normally  e-xposed  to  I  i 
doses  of  natural  UV  radiauon.  We  receniiy  determined  that  the  indigenous  pi. 
mids  pPSRl  and  pPSRo  from  P.  syrtngae  pv.  syringae  contained  a  homolog  of  t 
umuDC  mutagenic  repair  operon  termed  rulAB  which  functioned  in  tolerancf 
LTC  (254  nm)  radiauon  (Gene  r";T7-8i  ;.  In  this  study,  we  analyzed  the  roir 
rulAB  in  conferring  tolerance  to  environmenially-relevant  levels  of  LTB  radian 
both  in  vitro  and  in  the  phyllosphere.  We  also  e.xamined  the  disinbution  and  V' 
sensitivity  of  a  worldwide  collecuon  of  P  syrtngae  pathovars.  We  examined  i 
differences  in  survival  of  P.  trrtngae  pv.  synngae  FF5  containing  the  rulAB  dri. 
minant  cloned  in  pCWSloT  and  FF5  comaimnr  the  vector  control.  Measur 
doses  of  UVB  radiauon  were  delivered  either  to  cells  previously  gromm  in  LB  bn 
and  resuspended  in  0.85%  NaCl  or  to  populaoons  established  from  one  to  fi 
days  in  the  bean  phyllosphere.  Our  results  indicated  that  the  survival 
FF5( pews  157)  was  approximately  ten  to  twenty-fold  greater  than  FF5(ven. 
following  irradiation  of  cell  suspensions  with  a  range  of  UVB  doses  (7.50  lo  1. 1 
J  m  *^).  A  difference  m  percent  survival  of  five  to  ten-fold  was  observed  in  i 
comparison  of  FFS(pCWS157)  and  FF5.  vector:  following  the  irradiation  of  br 
phyllosphere  populations  with  a  UVB  dove  of  850  J  m  This  smaller  differei 
was  attributed  to  the  ability  of  a  portion  of  the  total  FF5  population  on  bean 
access  sues  wdihin  bean  leaves  protected  from  the  UVB  dose.  .Analysis  of  the  I 
sensitivity  (850  J  m  dose)  in  vitro  of  a  worldwide  collection  of  64  P.  synnu 
straina  repreteniing  l6  pathovars  indicated  that  the  most  tolerant  and  most  •*» 
siiive  atraina  differed  in  perceni  survival  by  approximately  125-fold  We  utilu 
Southern  hybridizanon  with  an  internal  fragment  of  rulAB  as  a  probe  to  show  tl 
71.9%  of  the  strains  contained  plasmid  homoloes  of  rulAB  and  ihat  only  iw«j 
the  pathovars  examined  (aennidiae  and  vvnngae;  included  strains  which  did  i 
contain  rulAB  hybridizing  sequences.  Strains  which  contained  rulAB  sequel, 
were  on  average  .5-50  fold  more  tolerant  of  ITB  irradiation.  Thus,  the  cloned 
syrtn^r  rulAB  deierminam  was  shown  lo  confer  significant  levels  of  toleramr 
UV'B'radiabon  both  in  \itro  and  in  the  naniral  habitat  (phyllosphere)  of  the  b. 
lenum.  Also,  the  phenotype  of  L'VB  tolerance  and  the  plasmid-encoded  rut 
genes  were  widelv  distributed  among  P>  f»Tjngoe  pathovars.  Our  data  suggest  il 
tolerance  to  LTB  radiation  in  P  syringae  is  an  important  component  of  ecologi 
fitness  in  the  phyllosphere. 


Q.319.  Characterization  of  .Motor  oil  Utilizing  Bacteria  from 
Goucher  Pond 

CHRISTMAN.  E..  GALLl.  J..  IS.AACS.  K.E..  MIT-ARAI,  T.  BROW  N,  .M.. 
JACOBSON.  E..  and  L.P.  TO.  Deparmieni  of  Biological  Sciences-Goucher  Coll . 
Towson,  .MD 

Twenty  two  bacterial  isolates  were  obtained  from  oil  slicks  on  Goucher  Pond.  The  b. 
rena  were  isolated  in  mmimal  salt  medium  with  O.l  to  1%  motor  oU.  Many  isols 
produced  fluorescent  pigmnn  in  King's  B  medium,  which  it  limited  in  iron  come 
Numdonal  and  metabolic  aasavs  indicated  that  many  of  these  bacteru  belong  to  ^ 
fluorescent  pseudoroonads  including  Pseudomonas  chiororapliis.  P.  fluorescem. 
puoda.  and  P.  viridifiava.  One  fiuoresceni  isolate  had  the  charactensucs 
Pseudomoius  cepacia  or  P.  gladioU  which  are  not  known  to  produce  fluorescent  p 
ments.  One  isoiate.  which  was  origins Uy  coculovaied  with  a  fluorescent  pseudonv 
ad.  was  idenofied  as  serrana  ficana.  Lxerpt  for  ficaria,  all  isolates  chiractenv 
thus  far  appear  to  produce  rhamnoUpids.  ^errana  ficana  alone  did  not  survive 
medium  with  motor  oil  as  the  sole  carbon  source.  Some  pseudomonad  grew  in  mo 
oil  as  sole  carbon  source.  However,  its  presence  augmented  the  growth  of  oil 
pseudomomdas  in  motor  oil. 


Q-320.  Sulfur  Cycling  Mediate*  Calcium  Carbonate  Ceochemiatn 
Modem  Marine  Siromatolitea 

*P.T  VISSCHER.  *S.E.  HOEFT.  ^B.M.  BEBOIT  ^R.P.  REID.  *Univ.  Connecuc 
Groton,  CT.  ^NASA  Ames.  .Moffett  Field.  C.A.  *Univ.  Miami.  Miami.  FL 

.Modern  marine  stromatolites  forming  in  Highbome  Cay,  Exumas  (Bahamas),  cc 
tain  microbial  macs  dominated  by  SchizothriT.  .Although  saturating  concent 
cions  of  Ca-*  and  COj"  e.xisi.  microbes  mediate  CaCOj  precipitatu 
Gvanobactehal  phoioavnihesii  in  these  stremaioliies  aids  calcium  carbonate  p 
ciDitaiion  bv  removal  of  H  •  through  CO.,  use.  Phoiorespiration  and  e.topolyn 
production  predominantly  by  oxygenic  phototrepha  fuel  beteroirophic  activi 
aerobic  respiration  (approximately  60  mmol/cnr.h)  and  auUaie  reduenon 
1.2  mmol  SO.*’  /cm-.h)  are  the  dominant  C-consuming  processes.  Aerobic  mir 
bial  respiration  and  the  combination  of  SR  and  KS  oxidation  both  facilu 
CaCO,  dissolution  through  H  •  production.  Aerobic  respirauon  consumes  im 
more  G  on  an  hourly  basis,  but  diel  fiucniating  Oj  and  IG  depth  profiles  mdic 
that  overall.  SR  consumes  only  slightly  less  (O.i-O.S)  of  the  pnmary  product.. 
Moreover,  due  to  low  concentrations  w  hen  SR  rates  are  peaking,  reoxiflation 
the  IAS  formed  is  incomplete:  both  thiosulfate  and  polyihionates  are  fometl. 
process  of  complete  H,S  oxidauon  yield?  H  *.  However,  due  to  a  low  O.  cone 
tration  late  in  the  day  and  relatively  high  0.  concenirabons  early  in  the  lollow 
morning,  a  isro-stage  oxidation  takes  place:  first,  polythionaies  are 
H,S.  creating  alkaliniiv  which  coincides  with  CaCO,  precipnanon:  secondU.  o 
daiion  of  polvihionates  lo  sulfate  yields  acidity,  resulting  in  dissoluimn.  « 
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Aerobic  Def  rodation  of  Polychlorinated  Biphenyls  by  Boreal 
fw^water  Sediment  Cultures 

\  1$  HURME.*ANDJ.  A.  PUHAKKA.TimpercUaiv.  ofTechoology. 

midied  the  capability  of  indifesoiu  freshwiier  sedimcm  mtcroorgausmt  to  de- 
polychlonnated  bipheoyli  (PCBi)  under  aerobic  condiuoni.  Seduneot  samples 
Uected  from  a  boreal  Uke  (Lake  Kemaaianjarvi.  Finland)  which  ho  been 
««0ood  to  a  mtoor  PCB  load  for  several  decades.  Typical  PCB  coocentrauons  in  the 
sediment  are  around  1  of/kg  d.w,  and  the  maximum  cooccntradons  do  not 
*feeed  13  o|  PCBs/kg  d.w. Aerobic  biphenyl  degraders,  enriched  from  the  nirface 
^iment  samples,  were  tested  for  their  ability  to  degrade  Aroclor  1242.  Initial  PCB 
rtocentnuon  in  batch  vial  cxperimeius  ranged  from  23  to  200  mg/L.  Aroclor  1242 
aa  not  serve  o  a  growth  aibsoate  for  the  enrichment  cutnires.  but  wo  comeubolized 
^  the  presence  of  bipOcnyt.  Selected  mono-,  di-.  and  irichJorobiphenyls  were  At- 
retultmg  in  the  total  degradanoo  of  approximately  20%  over  a  period  of  one 
Coogenen  snih  a  ■ibrnninon  panem  of  either  2.2’-,  2.6-,  or  4.4'-,  and  those 
curving  more  than  three  chlorine  mbsooienu  restsed  degradation.  Biphenyl  oonceo- 
mioe  affected  degtadanoB  oooaiderably .  Trichlorobipbenyls  present  in  Aroclor  1242 
letistant  in  the  absence  of  biphenyl.  Furthennore.  the  degradanoo  typically 
^Med  after  a  few  days  of  incobetioo  although  biodegradable  ooogeoers  were  toll 
resent.  This  wo  explained  by  the  deplenon  of  biphenyl.  The  extern  of  total  PCB 
M^ooo  wo  fiHykf*  More  importanUy.  we  demoosrated  that  mdigenoua  boreal 
^  sediment  microorfantama.  exposed  to  low-level  PCB  contammatioo.  have  the 
^oicnoal  to  degrade  high  coBCcniranons  of  selected  lower  chlormaied  PCB  congeners 
•  Aroclor  1242. 

0140. 

4Wnau  of  ht  situ  Anaflobic  PCB  Dechlonniion  in  a  Contaminated 
•diment  Consoraum. 

ifgory  I.  Davenport  lames  M.  Champine*.  and  S.K.  Dutu 

>pt  of  Biology,  Howard  Univ.,  Washington.  D.C  20059.  and 
•NSF  Center  tor  Mioobial  Ecology.  East  Unsng,  Vfl. 

netted  tor  asaoaing  the  pttsena  of  PCB  dechlonnating  organmns  in 
all  ate  acdisvnts  is  esaenlial  to  uteawanchng  inmnstc  remedUiion. 

«duiwnt  horn  Uke  Mcdmah.  NY  was  laod  o  eattblish  laboratory 
woocomw havwg dianiKt  weta  ate  para  dechlonnanon  aco vines  with 
t^s  to  2'-3.4-mchlo»biphenyl.  DNA  bom  the  anaerobic  heterotro- 
4uc  bacteria,  chieflv  doairidia.  bom  each  community  wai  extracted  and 
iMlvzcd  by  Amplified  Riboaomal  DNA  Resmetion  Analysis.  OUgonu- 
tetee  pto^  based  on  16S  rRNA  genea  were  designed  for  the  mostabuiv 
unt  Opcranonal  TaMnomic  Unit  (OTU  A  ate  B)  m  each  mioooDmv  To 
4tact  the  preaenet  of  OTU-A  ate  OTU-B  in  sediment  samples,  the  probes 
4vttiaadtndoib)Mate  Sottihem  hybrldtxation  studies.  Eubactenal  and 
ichatbacterui  pnmws  were  uaed  to  amplify  16S  rDNA  bom  the  same 
WA.  Intereaungly.  there  saw  POt  product  with  the  Archaea  pnmen. 
uggftitng  that  Ardtaaa.  aa  wte  as  members  of  the  Cerua  Clottnitum  are 
•irolved.  Reaula  indicate  that  the  mou  pradominani  member  of  the 
OMWium  waa  datactaWt  ate  could  be  tate  aa  an  indicator  tor  natural 
nmuanon  In  ocher  aedimcnta. 


H41. 

tduova  iecncmaion  of  Povcnionnaied  aonenvs  u>ra?rcs  oi  uec-ornaimg 
crootyamsms  wd  ‘her  imaracbons  wSh  Mijnmoge-i  arc  Su-'i-.e  Reouse's 

-NGSECL  <!M  -ANOG-YaiRHEE’  * 

A  of  Pubf.  .-teash.  Jrw.  u  APany.  SUNY’.  ano  WaQSAt-.n  C:: .  *.YS  Dec:  cf  HB8ilh\ 
3m/.r;y  !22::C5:9 

'loopiwTicsc'PCBdScHonnabng  fwooofgtrsms  lee's  ce!e'TnTefl  aior?  wnf»  sarfsie 
Xttfs  trd  meyfCTeftt  usr^  the  ffloit-DTCbmu-m;-*ber  tec^-:ue  T^e  twe  course 
Proctor  *241  atcr^'wficn  ?»wieroo  the  grovrih  ct  cecr  cr-aroi  rec^Onraion  ensued 
an  ihf  ctcron-i-  cooo»aton  nersasad  tv  rro  crccT  ct  ma;-  :ufle  *rc'n  2  f 5  » tO' 
*55  •  *0’  a  1  ;  ste?ram  bamten  2  :d  6  Ae*%i  r.'*?  renod  PCB 
'WonnatjngTiefct^mansdechionnaiao  Afocor  1243  a;  a  rre  :f  23  2?  *  lO’moie  Ci 
tacrtne-:  cav  rz  yeid  was  41.50  •  '2  *  a  i  “.o-e  Z-  «:.*'.icr.na:dd.  Once 
‘ftiorirrcn  reached  •  caiaau  ifitrE  vree'S  :re  r  jjr  c.'naxrj  5e;in 
“stase  Cn  rd  r*e'  •'md.  aeefJonnatofi  nocu:rec  :n::  -  CS-'^e  ted‘me“.:s  seertased 
w  hme  ‘-c'n  me'  •»i'a»  ^  sugptiitng  mat  PC9s  a*?  'ec-.-  -ec  *-or  ’*e’f  saocive 
ncnmeni  Stuart  iidooafS  ano  methanewens  nrnsed  n  tcJh  PC9-tree  and 
•iianwnrto  sac-rtntt  aiwurng  •sna  drfleftnet  btNwen  ine'n  *he  pcteniiH  role  of 
^hanooans  ano  su^ait  ficuet't  cn  PCB  Oechonnato'i  was  mvei^oaieo  us^ng  scaerfe 
•bttcfs  2-5’or‘ce  **art5i.te'»ite  '’3E31  and  roh-tas’e  ^dd  'r*  r*  movtaare  r^ao  no 
«on  A-5C  or  •git  decn«rna:«n.  mecatmg  vm  surtaie  redure'S  'ntgnt  -c!  te  drociv 
•ci/ed  -  tr  T.rz :  Tf  oecnicnnaiion  orccess  n  BES-amences  te<jime‘‘:s  mefa-nch 
^9e-ers  :,;cn  »  2  5  2‘  5‘-  2  4  2*  4  -  and  2.5.2  -cnorcr  ers-v's  AC-e  rot  oecnionnmed 
■  '-Tjers  re  se  er  cn  c*  d  reran;  ceemonna:  r.c  cc:;.  a;ons  .-.erestme ado.ton  of 
n  T-or/xes^e  8*d  EE  2  cc“c  tiev  mhtwed  Arccor  12-8  cecr.  crniicn 


Q-142.  Selective  Enrichment  for  PCB-Dechlorinating  Annerobes  from 
Extuarine  Sediments 

L.  A.  CUTTER.’*  K.  R.  SOWERS.^  ate  H.  D.  MAY.'  Med.  Univ.  South  ^ 

Carolina,  Charleston.' Univ.  Maryland  Biotech.  Inst..  Bahnnorc.* 

Bacierinl  ennehmenu  developed  from  Baluinore  Harbor  sedunenu  roductively  dechlo- 
rinite  polychlorinaied  biphenyls  (PCBs)  when  incubated  under  anaerobic  coteiiions. 
loiiial  cnrichmenu  produced  various  ortho,  meu  ate  pan  producu  from  2. 3.4,5- 
chlorobiphenyl  (CB)  and  2.3.5.6-CB  when  miinuined  incsniarine  or  marine  media. 

Succeuive  transfer  of  these  enrichments  has  resulted  in  seleaion  of  specific  prod¬ 
ucts.  For  example,  initial  enrichments  with  2.3.5.6-CB  expresKd  both  meu  ate  ortho 
decblonnatiOD  pathways  but  after  sequential  transfer  on  2.3.3. 6-CB  only  the  ortho 
pathway  remained.  Intiial  enrichment  with  2.3.4.5-CB  resulted  in  pma-  and  meu- 
dechlorioauoo  to  2.3.5-CB  ate  2.4.3-CB  foUowed  by  ortho-,  meu-  ate  para-dechlo- 
rioaiioo  to  di-  and  monochlorobipbcnyls.  Successive  transfer  with  2.3,4.5-CB  has 
lead  to  mrffhmi^ti  that  only  produce  2.3.5-CB,  3.5-CB  and  2.5-CB  with  3,5-CB 
being  the  main  product.  The  specific  acuviiies  observed  m  nnifcrs  on  2.3.5.6-CB 
and  2.3.4.5-CB  were  maintained  regardleu  of  the  amoum  of  sadonem  added  to  the 
medium.  Connmied  transfer  of  aU  enrichment  lines  in  the  absence  ate  presence  of 
aedunenii  is  under  examination.  The  effects  of  vanout  carbon  (energy)  sources  and 
inhibitors  on  decblonnatioo  and  enrichment/ isolation  will  also  be  disoiased. 


Q-143. 

Keduenve  DccMonnaiton  of  Coplanar  PCB  Congenen  in  the  Anoxic  Enuinnc 
ScUimeni  Sluirtes 

C  -E  kLO*.  S-M  LlU^'.andC.  LIU- 

>N»il  Ilium  Ocean  Lniv  . -Nail  Inii  of  Environ.  An*i\$..  En\ iron  Protect  Acm  . 
liipei.  Tjivvan 

Of  ?0O  PCB  congeners.  20  congenen  uiih  chionne  atom  at  both  and  mtta 
posiiion»  hui  lack  complete  substitution  m  the  »>rmo  position  iho^  a  coolina/ 
coni  duration  It  had  been  demonstrated  that  these  copianir  coneenen  are  more  lox.c 
and  less  biodegradable  ihm  nonpimar  PCB  congeners  concern  over  ihcu*  jxicin  and 
hioaccumuiatton  potential  have  emphiiixeo  me  need  to  ciean  up  tnese  coo.a.-jr  KBs 
In  this  stud>.  biodegradibtltt)  oi  4  coplanar  congeners  ,-.-•.4,4- 
letrachlorobiphensi.  5.4,4\5-teirachlorobipheh>l.  3.;‘.4.4\5.pemac8io«)Oiphen>l. 

:>.>  4.4  .5..<  -hexachlofobiphenvl  were  investigated  bv  amending  10  ^m  of  each 
compound  into  the  anoxic  sediment  slurries  collected  rrom  me  esnuA  of  Tansui  River 
and  br-ien  River  During  li  month  incubation,  me  parent  compounds  and  me 
iniermediaie  products  were  determined  wiin  eas  chronutograpnv  .OCi  ano  CC  MS 
Except  tor  3.3  .4.4-.5..v.hexKhlorobipnenvl.  all  omer  tested  cooianir  congeners 
were  dechionnaied  m  10  month  after  a  lag  period  ot  f*l  da>s  m  the  sedunent  iiuntes 
colJected  from  £r-Jen  River  However,  boih  ?.••  4  r  .*.* -hexachSorrrpr.eml  and 
;  5‘ 4‘4  .fetrachlorobipnenv  1  were  persisient  in  ihe  ^ecimert  ilurnes  cpuected  &om 
lansui  River  Dechlonnation  ot  the  other  2  coneenen  were  much  fiower  m  me 
»edimeni  slurries  collected  irom  Imsui  River  man  mose  mm  Er-Jen  Rivr 
Examination  ot  me  chromaictgrams  over  me  time  course  of  me  incubacson  indicates 
that  decniorinaiion  oi  these  congeners  were  initiated  from  purocnionne removal.  One 
to  three  chlorines  were  removed  from  these  congeners  ounng  1 3  monm  iccucation 

Q-144.  Evidence  of  defradaboo  and  mincrattzatioo  of  Npbenyl 
anaerobic  mkrobial  coosortiiiin. 

M.  R.  NATARAJAN*.  W.  Wu,  R.  Staford.  H.  WANG  ate  M.  K.  JAIN.  MBl 
Imernatioasl.  Lansiag.  Mkh. 

la  Ihe  piJL  degrteanoB  of  biphenyl  by  aerobic  nucroorgiawni  has  been  known,  bui 
mfonaiDon  on  ns  anaerobic  degradaoon  has  been  Umiite.  We  have  previously  devel¬ 
oped  an  anaerobic  microbial  conrortmm  in  granular  form  that  was  shown  to  dcchlori- 
nate  polychlonnated  biphenyU  (PCBs)  into  biphenyl,  in  this  smdy.  we  dcmoosirate 
degradaooD  and  mioeraltzaDon  of  biphenyl  to  CO,  ate  CH,  by  ibasa  dechlorinairog 
granules  under  meihanogenic  conditions.  Bipbenyl  was  degiadad  m  p-creaol  which 
wu  further  »  CO,  and  CH,.  TTiese  results  were  obtained  with  labeled 

'^-biphenyl  u  well  u  nnlabeled  biphenyl  and  p-xreaol.  ProAicnra  of  ”C-CO,  ate 
”C-CH  wu  found  to  increase  during  a  limt  course  smdy.  The  ratio  of  “C-CO,  ^ 
**C-CH*  in  tbt  beadipaoe  wu  about  1:2  after  16  weeks  of  inaibatioB.  The  tentative 
anaerobic  biodegndative  pathway  of  bipbenyl  is  proposed  sk  bipbenyl  p^resol  CO. 
•p  CH  .  Our  resuhs  exisence  of  novel  biodegiadative  pathways  in  natural 

anaerobic  microbial  community  that  bu  broad  implicaooM  in  the  fteld  of  microbial 
ecology  and  detoxifkauon  and  climinarion  of  toxic  poUntams. 

Q-145.  Rcductivt  dechloriiiation  of  bb  ortho-nibBtitutcd  PCB 
coDgeDer  by  Chesapooke  bay  sedimenu  acclimated  to  para-  and 
meu-chloriBated  coogtoers 

C.  REZNUC  J.  SODANO  and  D.  A.  WUBAH*.  Towroc  State  Univ.  Towion. 

MD. 

On  the  spectrum  of  xenobiobc  poUutams  from  easiest  to  moa  difficuU.  polychlori¬ 
nated  biphenyls  (PCBs)  art  among  the  most  ebaUengtog  for  biorcmediatioo.  Often 
decbloruattoo  of  meia-  and  pari-  chlorint  moieties  preeud  at  a  faaer  rata  than  ortho- 
chlortne. »  ■*»  year,  we  reported  meu-  and  para-decblonnanoo  of  PCBs  by  sadtments 
from  the  Chesapeake  bey  and  recenUy.  Berkaw  et  al..  have  reported  reducbve  ortho- 
dechlorination  of  PCBs  by  etroarine  sedimeno  from  the  Baltimore  Harbor.  In  order 
to  further  characterixe  our  sediments,  we  examined  the  ahtUiy  of  our  microbial  con¬ 
sortia  that  bad  been  acdimaied  to  four  concentrmions  of  a  meta-  and  para-subtemied 
PCB  congener  to  reducovely  dechlorinate  an  oitho-samraied  PCB  congener.  Anaero- 
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Q-191  Low  Temperature  Microbial  Aerobic  Degradation  of 
Polychlorinated  Biphenyls  in  SedimenL 

WILLI.AM  A.  WILLIAMS,  General  Electric  Corporate  Research  and 
Development,  Schenectady,  NY 

Polychlorinated  biphenyl  (PCB)-conuminaied  upper  Hudson 
River  sediment  amended  with  Aroclor  1242  was  incubated  at  4°C  to 
confirm  that  microbial  aerobic  PCB  degradation  can  occur  at  a  low 
temperature.  Congener-specific  analysis  of  PCBs  in  the  top  4  mm  of 
the  sediment  showed  loss  of  specific  di-  and  trichlorobiphenyls  within 
70  days  as  compared  to  the  same  PCB  congeners  in  the  subsurface 
sediment.  There  was  no  loss  of  PCBs  from  the  surface  or  subsurface 
of  autoclaved  sediment  samples  incubated  at  4®C.  The  pattern  of  di- 
and  trichlorobiphenyls  lost  from  the  surface  of  the  sediment  incubated 
at  4°C  matched  the  pattern  of  microbial  aerobic  PCB  degradation 
observed  in  sediment  samples  incubated  at  25’C  These  data  indicate 
that  low  temperature  microbial  aerobic  PCB  degradation  can  occur  in 
PCB-contaminated  sediment. 


I 

Cloning  of  Corynebaaerium  sepedonicum  KZ4  lod  Gene  Respoimbie  for 
ortAo-Ochalogenatfon  of  Halobcnzoaies  and  Coosmictioo  of  Coupled  wjactive 
and  Hydrolytic  Aio-Dochlorinatioii  System  for  Degradapoo  of  PCBi 
T  V.  TSOI*,  ji.  COLE.  EG.  PLOmiKOVA.  Y.  HRYWNA,  sd  m  TIEDIE 
Michigan  Stale  Uoiv..  East  Laumg,  MI  48824 
Unlike  oxygen-requiiing  pathways  for  degradation  of  {chIoro)aromaiic  J»lhiuoi^ 
reductive  degradadon/dechlonnatioo  has  not  been  studied  in  moto^  dd^ 

Ijotodon  of  redoedve  dehalogenatkm  genes  piovidK  an  cjuaikm  awW  for  sta^ 

aixwicdegradaikm  of  haiogenaicd  aromatic  xexH^  Redoenve  decfilnrmatino  of 

chlorobTOOWC  was  implied  in  a  few  bacteria,  but  isolation  of  the  correspofiding 

*^ito^noS^aSS expressed tbe gene,  encoding  a  novd  CoA%  A*!^ 
and  NADH-dependent  ortte-halobeiaoaKredaaase/dehalogetTO  fiom  me 
Gian  positive  bacterium  CboweAacterfumiepedcw^^  From  a  gene  libf^ 

of  strain  KZ4.  several  independent  recombinant  plasmids  we«  found  iim 
orrhcMlehalogcnation  of  2-CBA  and  2.4.DCB  wben  complemented  by 
hydrolytic  ow-dechlorinadon  febABCO  operon  we  doned  previously  fiom  A. 
globiformis  KZTl.  'the  dam  indicate  dm  reductive  orrttHledilorBaDOO  req^ 
both  the  gene  encoded  dehalogenase/reductase  and  JebA  gene  encoded 
dtlorobenzoate  CoA-Ugase:  'The  coding  region  fbr  the  mrf  gene  bas  been  located 

within  a  U  kb  DNA  fragment  that  is  curtenOy  being  sequenced. _ _ 

Ortho^  and  orriKW^ptro-chlorobemoites  are  prin^  envmmaaal  petx^  of 
anaerobic  reductive  dechlorinmion  of  PCBs  IbUowed  by  aerobic  co-oetab^  <A 
the  nmuldag  tow  chloriiiated  biphenyls.  Tbc  coupled  reductive  orthtv  +  hydro^ 
AW-dediiorinfflion  system  we  have  engineered  was  mtrodne^  imo  bgenyi-degrader 
C  testosttrotd  44,  resulting  in  growth  on  onto  (+p»o)-chJorobiphaiyL 


Q-192  Slodtgradation  of  Polyehlorinatad  Biphenyls  undsr 
Asrobie  snd  MIcrossrophillc  Conditions  by  Fscultstlvs 
Dsnitrtfylng,  Mlcroasrophlllc  Bactsris.  J,H.  LOBOS*.  Gonmsl 
Bactric  Corporata  Rnienroh  and  Dtvetopmart.  Sclienacudy,  NY 

Several  novel  PCB-degradino  bacterial  strains  were  isola^  from 
Hudson  River  sediment  contaminated  with  polychlorinated  biphenyls 
(PCBs)  after  enrichment  under  microaerophilic  conditions.  Upon 
culturing  in  tubes  containing  a  semi-solid  agar  medium,  these  stra^ 
demonstrated  a  preference  for  growth  under  microaerophiHc 
conditions.  In  addition,  these  isolates  are  able  to  grow  anaerobicaily 
under  denitrifying  additions.  Two  of  these  strains  were  recently 
reported  to  be  unable  to  grow  on  biphenyl  as  a  sole  carton  source, 
but  appear  to  conslitutively  express  (he  biphenyl  dioxygenase  genes 
even  in  the  absence  of  PCBs  or  biphenyl  (ASM  Meeting.  1995).  PCS 
biodegradation  was  examined  under  aerobic  and  microaerophilic 
conditions  after  these  strains  were  grown  aerobically  or  anaefobically 
under  denitrifying  conditions.  The  results  indicate  that  these 
facultative  microaerophific,  denitrifying  strains  are  able  to  degrade 
PCBs  under  extremely  low  concentrations  of  oxygen  (0.(D5  ppm  O2). 
Convention^  methods  for  identifying  these  isolates  has  be^ 
incondusive  thus  far.  A  18S  rRna  analysts  of  these  isolates  is  in 
progress.  To  my  knowledge,  this  is  the  ffrst  report  of  aerobic  or 
microaerophilic  PCB-dagradlng  bacterial  strains  capable  of  anaerobic 
growth  under  denitrifying  conditions. 


Q-195  Effects  of  Sub-Critical  Micelle  Concentrations  of  Surfactants 
on  the  Microbial  Dechlorination  of  Polychlorinatw  Biphenyls. 
J.  F.  Quensen,  III*.  M.  A.  Mousa,  and  S.  A.  Boyd.  Michigan  State 
University,  East  Lansing,  Ml  48824 

Surfactants  have  often  been  used  in  attempts  to  increase  fte 
biodegradation  of  sparingly  soluble  compounds  like  polychlonnated 
biphenyls  (PCBs)  but  with  mixed  results.  The  goals  of  our  present 
research  are  to  determine  If  sub-critical  micelle  concen^ora 
(CMCs)  of  surfactants  enhance  the  microbial  dechlonnation  of  PCBs 
and  if  so.  by  what  mechanism(s).  We  performed  dechforinatiOT 
assays  with  anaerobic  sediment  slurries  spiked  with  2,2 ,4,4 ,5,5- 
hexachlorobiphenyl  (245-245-CB)  and  ii^lated  with  micro¬ 
organisms  eluted  from  Hudson  River  sediments,  or  spiked  win 
Arodor  1260  and  inoculated  with  microorganisms  eluted  from  Silver 
Lake  sediments.  Tween  80  and  Triton  X.705  were  added  at  nominal 
concentrations  equal  to  5%,  25%,  and  110%  of  meir  CMC^ 
Dechlorination  of  245-245-CB  was  enhanced  by  X-TOT. 

especially  at  5%  and  25%  of  its  nominal  CMC.  At  25%  of  ite  CMC. 
Tween  80  slightly  enhanced  245-24S-CB  dechlorination  but  had 
negligible  effects  at  5%  or  110%  of  its  nominal  CMC.  There  were  no 
detectable  differences  in  the  rate  or  extent  of  dechlorination  of 
Aroclor  1260  among  treatments.  These  results  are  discuss^  in 
terms  of  the  partitioning  behavior  of  the  surfactants  and  their  effects 
on  PCB  solubilization  in  sediment  slurry  systems. 


0193  Extraction  and  PCR-mediated'ampnficatton  of  microbial  DNA  from 

anaerobic  PCB-dechlorinating  enrichments  that  cor^tain  sediments  or 
coal-based  humic  acids.  M.A.  ELBERSON^*.  H.D.  MAY2.  and  K.R.  ^WERSL 
Univereiry  of  Maryland  Biotechnology  Institute.  Baltimore,  MD  and  Medicaf 
University  of  South  Carolina.  Charieston,  SC^. 

Para-,  mera- and  ortfxHiechlorination  activities  of  individual 
potycniorinated  biphenyl  congeners  (PCBs)  by  estuarine  sediments  from 
Baltimore  Hartjor  have  been  maintained  throughout  sequential  transfers  of 
enrichment  cultures  that  contain  up  to  25%  (wtAoi)  petroleum  based  humic 
acids.  However,  microorganisms  responsible  for  dechlorination  have  nw  yet 
been  identified  by  standard  isolation  techniques.  In  order  to  identify  PCB- 
dechlonnatlng  microorganisms,  a  procedure  was  developed  for  the  isolation  and 
PCR  amplification  of  DNA  erwodirtg  16S  rRNA  from  marine  and  estuanne 
enrichments  containing  high  concentrations  of  humic  acids.  Enrichment  slurTtes 
were  lysed  with  glass  beads  in  phosphate  buffer  containing  Denhardfs 
and  the  DNA  was  extracted  with  phenol-chloroform.  Humic  acids  assr^ted 
with  DNA  were  removed  with  insoluble  polyvtnyfpyrTOlrdone.  extracted  from  ® 
low-melt  agarose  gel  containing  soluble  polyvinylpyrrolidone.  ^ 

PCR  using  universal  oligonucleotide  primers,  ONAs  encoding  16S  rRNA  from 
Archaea  {M0thanosarcma  thormophila),  Bactena  {Eschanchia  coh),  and 
{Saccharomyces  ceravisiaa/t  were  recovered  and  amplified  from  as  few  m  1<>» 
calls  In  humic  acids  slurry.  This  technique  has  been  used  to  amplify  and 
sequence  genes  encoding  16S  fRNA  from  Baltimore  Harbor  enneh^ntt  that 
para-dechlorinate  2,3,4.5-PCB  to  2.3.5-08  and  orTrio-dech  onnaie  2.3.«a  to 
3.5-C3.  The  technique  has  also  been  used  for  analyses  of  meta-d^lorinating 
cultures  from  Hudson  River  that  have  been  maintained  in  humic  acids  slumes. 
Initial  analyses  of  the  gene  sequences  obtained  from  these  ennehments  are 
presented. 


0-196  Dechlorination  of  PCBs  in  Soil  inoculated  with 

Anaerobic  Bacterial  Granules,  H.B.  NATAXAJAS,  J.  NYE. 
W.  WU  and  M.K.  JAIN.  Michigan  Biotechnology  Inscicuce, 

Lansing,  MI.  .  .  ^  1 

The  capability  of  anaerobic  bacterial  consortium  devel¬ 
oped  in  granular  form  to  dechlorinate  Aroclor  1254  present 
in  soil  waa  investigated.  The  concamiaacad  soil  (spiked 
with  Aroclor  1254  at  500  mg/kg  soil)  incubated  with  the 
anaerobic  granules  under  partially  simulated  anoxic  condi¬ 
tions  showed  substantial  dechlorination  at  room  temperature. 
The  congener  specific  analysis  showed  preferential  dechlor¬ 
ination  of  higher  chlorinated  PCB  congeners  with  production 
of  lower-chlorinated  compounds.  No  nonochlorobiphcnyl  con¬ 
geners  were  found  to  accumulate,  Pre treated  wood  powder 
ser'/ed  as  a  suitable  nutrient  source  to  support  the 
dechlorination.  PCB  dechlorination  was  very  minimal  in  the 
absence  of  inoculation  with  the  microbial  granules.  At  16 
weeks  of  incubation,  the  homo  log  distribution  of  each  PCB 
group  confirmed  further  dechlorination  of  lower-chlorinated 
congeners  produced  at  8  weeks.  This  study  demonstrates 
dechlorination  of  soil  contaminaced  with  fresh  PCBs  using 
exogenous  anaerobic  bacterial  consortium.  Results  of  this 
study  show  potential  for  use  of  these  microbial  granules  by 
utility  companies  to  bioremediace  soils  chat  becomes  con— 
tamiaaced  with  PCBs  by  transformer  blowouts. 
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Q-186  Functions  of  Extraccllulir  Poly saccht rides  of  Rkodoeoeevs 
rhodoehrous.  NORlYlfKI  (WABUCHM  MICHIO  SUNAIRUt  HISAO 
MORISAKIt  and  MUTSUYASU  NAKAJIMA.t*  tNihon  Univ.,  Fujisawa,  Japan: 
^Ritsumdkan  Untv..  Kusatsu.  Japan. 

Rhodococcus  is  a  venarile  genus  of  nocardtofomt  acrinomyceies,  which  plays  an 
important  role  for  biodegradation  of  xenomaieritis.  e.g..  PCB.  U  is  essential  to 
understand  its  behavior  in  environments  for  the  application  to  bioremediaiion.  We 
report  nature  of  the  bacterial  cell  sur^.  eiectrokinedc  potendaJ  or 
hydrophobidty,  which  is  an  important  deicrminant  in  the  bacterial  behavior. 

Four  colony-moTphologicai  mutants  of  R.  rhodochrotts  (S-l,  and  S-2,  mucoidal: 
R-  i .  and  R-2,  rough)  produced  6.8. 14.5. 1 .4.  and  1 .9  (mg  dry  EPS  /  g  ftesh  cells), 
respectively.  Their  electrophoretic  mobiliites  were  almost  the  same  nef ative  values 
(-3  V  iO-*  m2 /Vs)  between  pH  4.  and  9. 

Cell  surface  hydrophobiciiy  was  determined  by  five  (tifferent  mcU^.  U„ 
MATH,  contact  angle,  SAT.  HIC  and  DOS.  The  order  of  hydrophobidty  was 
determined  as  R-2  »  R*l  »  S*  I  >  S-2,  LBM  method  devised  for  measuring  cell 
sur^ce  hydrophobidty  of  mucotdai  strains  revealed  that  S-2  has  hydrophobic  surface 
covered  with  hydrophilic  EPS,  indicating  that  the  EPS  hincdon  u  hydrophiiln. 

Next,  the  effect  of  hydrophilic  EPS  on  adhesion  of  the  bacterium  to  particles  in 
environmems  was  analyzed  by  model  experimems  using  glass,  quartz  and  teflon. 
Rough  strains  wril  adhered  to  the  materials,  whereas  mucoidil  strains  liule  adhered  to 
these  materials.  Sedimentation  tests  showed  that  the  celis  of  rough  strains  settled 
within  several  hours,  whereas  mucoidal  strains  scarcely  settled. 

Mucotdai  mutants  appeared  fntm  rough  strains,  R-t  and  R-2,  at  ftequencies  of 
2.4.  X  1(H  and  I J  X 10-4.  respectively* 

In  condusion.  hydrophobic  cells  have  the  advantage  for  adhesion,  in  contrast, 
hydrophilic  cells  can  be  conveyed  with  movement  of  w«cr. 


Q-188  fn  Sftu  Biodegradation  of  PCB-Coniamlnated  Surface 
Soils  for  Reduction  of  teachable  PCBs.  M.  J.  R.  SHANNON",  R. 
K.  ROTHMEL.  AND  R.  UNTERMAN.  ENVIROGEN.  INC.  Uwrencevllle. 
NJ  08648. 

A  two-year  field  demonstration  of  aerobic,  fn  sftu  PCB 
bloremcdlatlon  was  completed.  Two  plots,  each  containing  3700  Kg  of 
surface  soil,  were  created  within  a  greenhouse.  The  experimental 
(bloaugmentatlon)  plot  was  dosed  with  biphenyl  and  PCB-degradlng 
bacteria  that  exhibit  complementary  congener  spedflclty  (Type  II  and 
Type  IV  dloxygenase  actlvltlesl.  The  control  plot  received  no  cells  and 
received  a  limited  amount  of  biphenyl  during  the  later  part  of  the 
Onal  year  (blosdmulatlon  control). 

The  initial  average  PCB  concentration  of  39  mg/Kg  was  reduced  by 
44%  to  22  mg/Kg  in  the  experimental  plot.  During  the  1994  season. 
20%  PCB  degradation  was  achieved,  most  of  which  occurred  during  the 
first  4  weeks  of  treatment.  Parallel  laboratory  experiments 
demonstrated  that  the  limited  PCB  biodegradaqaon  in  1994  was  Ukefy 
due  to  an  Insufficient  amount  of  biphenyl.  Addmonai  biphenyl  added 
in  1995  resulted  In  a  further  reduction  in  PCB  concentration  to  22 
mg/kg. 

Degradation-  during  1994  was  limited  to  the  lower  chlorinated 
congeners  (dl-  in-  and  tetrachlorinated  PCBs).  and  as  the  biological 
activity  progressed  during  1995  more  extensive  degradation  of  tetra- 
and  pentachlortnated  congeners  occurred.  (Dverail.  89%  of  the  dl-.  84% 
of  the  trl-,  51%  of  Che  tetra-  and  28%  of  the  pentachlortnated  congeners 
were  degraded  by  the  end  of  the  demonstration.  The  data  show  that 
biodegradation  resulted  In  the  destruction  of  soluble,  bioavallable 
congeners,  and  suggest  that  biodegradation  wtU  result  in  PCB 
stabilization  and  reduced  risk  of  PCB  migration  and  exposure. 


0.189  Anaciobic  ortho  PCB  Dechlorination  bv  Estuarine  and  Marine 

Sediments.  BERJCAW‘.  M..  L.  CUTTER'.  K.  R.  SOWERS*.  AND  H. 
D.  MAY‘*.  The  Medical  University  of  South  Carolina.  Charleston,  SC.  and 
the  University  of  Maryland  Biotechnology  Institute,  Baltimore,  MD*. 

Estuarine  sediments  from  Baltimore  Harbor  orrho-dechlonnate  a 
number  of  PCB  congeners  under  anaerobic  conditions.  Ortho 
dechlorination  of  23,43-CB  occurs  with  these  sediments  in  fflatine, 
estuarine,  and  freshwater  media.  The  effects  of  various  media  on  the 
acclimation  time  and  on  the  type  of  dechlorination  that  develops  {meta, 
ortho,  or  para)  are  presented.  O^hlorination  (mere,  ortho,  and  para)  most 
rapidly  develops  (<1  month)  in  an  estuarine  medium  lacldng  sulfate. 
D^hlorinadon  is  delayed  in  marine  medium  or  by  the  addition  of  sulfate. 
Use  of  reduced  anaerobic  mineral  medium  (RAMJ^.  a  nesbwater  medium, 
delays  the  onset  of  ortho  dechiorinaiion  for  more  than  a  month  and  heavily 
favors  para  dechlorination.  Grrho-dechlorinating  cultures  have  been 
maintained  in  the  absence  of  sedimeot.  After  3  serial  transfen  (the  first 
containing  supernatant  from  an  active  sediment)  several  transfer  cultures 
ortho  dechlorinated  2,3,5-CB  after  the  para  dechlorinanon  of  2,3,4.5-CB. 
These  cultures  and  their  requirement  for.  or  independence  fiom,  sediment 
are  discussed.  Ortho  dechlorination  has  also  been  observed  with  sediments 
fiom  other  locations.  Sediments  from  five  sites  in  Charleston  Harbor,  one 
site  in  the  Chesapeake  Bay  near  the  mouth  of  the  Potomac  River,  ai^  one 
site  in  the  Hudson  River  (H7)  were  examined  for  ortho  dechlorination  in 
marine,  estuarine,  and  freshwater  media.  Ortho  dechlorination  of  2J.5-CB 
or  2,3.5,6-CB  was  observed  with  3  of  the  5  Charleston  Harbor  sediments, 
however  none  of  these  developed  activity  as  quickly  as  Baltimore  Harbor 
sediments  do  and  the  type  of  dechlorination  varies  with  the  site  and 
environmental  conditions.  The  dechiorioatioa  activities  expressed  by 
sediments  from  aU  these  sites  are  presented. 


Q.1 87  Integrating  Surfactant  Fnhancad  PCB  SoiubilizancHi  and 
Biodegradation  in  a  Soil  Ranedtation  Process 
A.  C  Layton."  J.  P.  Easter.  C.  A,  Lajoie,  M.  Muonni.  &  G.  S. 
Saylbr.  University  of  Tennessee,  Knoxville.  TN  37932. 

A  two  phase  remedTuion  process  has  been  developed  for  polychlorinated 
biphenyl  (PCB)  contaminaied  soils  at  electric  utility  substations,  in  the 
first  phase,  80-90%  of  the  weathered  Aroclor  I24S  is  desorbed  from  the 
soil  in  situ  by  a  two  day  recireulating  surfectant  wash  (l%wt/vol).  In 
phase  TWO,  the  surfiKtant/PCB  solution  is  collected  in  a  bioreactor  and 
amended  with  nutrients  and  the  field  application  vectors  (FAVs) 
Preudomonas  putida  IPL5::TnPCB  and  Aicaiigtna  euirophus 
B30P4;:TnPCB.  These  strains  use  the  surfactant  as  a  growth  substrate  and 
cootain  the  entire  PCB  degradative  operon  inserted  on  a  transposon.  After 
I  week.  >90%  of  the  surfectant  and  >30%  of  the  PC3s  are  degraded.  The 
residual  desolubtlized  PCBs  are  deposited  on  a  solid  carrier  and  removed 
from  the  biorcactor  effluent  (>99%).  The  concentrated  residual  PCB 
congeners  may  be  partially  dechlorinated  by  physiochemical  or  biological 
processes  and  recycled  to  the  biorcactor.  Toxicity  testing,  using 
TiUrahymtna  and  Microtox  systems,  is  being  performed  on  soils  and 
process  solutions.  A  proposed  field  trial  will  be  performed  at  an  electric 
power  substation  pending  EPA  approval. 


Q-190 

identifiettion.  of  Plants  Having  Potential  Rhizoapbere  ESecta  on 
Polychlorinated  Biphenyl  Biodegr^atioa  SRIC  S.  GILBERT*  and 
DAVID  E.  CROWLEY.  Univ.  of  Calif.,  Riveraide.  CA9252L 

The  zhizoaphera  microenvizonment  baa  been  repotted  to  enhance  the 
biodegndatiozi  of  xenobiodc  chemicala.  The  potential  Sor  a  rhizoephen 
e£Eect  on  polychlorinated  biphenyl  (PCB)  biodegradation  has  not  been 
fully  evaluatixi.  Aa  part  of  a  s^y  of  rhizoephere  infltience  on  PCB 
biodegradation,  a  sareoing  assay  was  developed  to  identify  plants 
which  might  induce  bacterially-me^ted  PCB  degradatioa 

Arthrobacter  sp.  strain  BIB,  a  Gram-positive  bacterium  known  to 
oometabolize  Arocior  1254,  was  grown  on  selected  plant  extraeta. 
Washed  oell  suspensions  of  strain  BIB  were  prepared;  4,4*- 
didilorobiphenyi  si^sequently  was  added  and  the  rate  of  fonnation  of 
the  phenylheamdienoate  ring-fissicai  product,  sn  indicator  of  PCB 
oxidation,  was  monitored  spectrophotometrmally.  Ratee  of  product 
formation  after  growth  on  plant  substrates  were  compared  to  rates  after 
growth  on  biphenyl,  the  non-chlorinated  PCB  analog,  and  on  various 
nutrient  media. 

Root  extracts  of  common  plants  such  as  rye  grass  (Lolium  pwmiM) 
and  green  bean  (JPhaaeoltu  vulgari*)  did  not  stimulate  ring-fission 
product  formatzon,  nor  did  compost  extiocts.  Hawever,  a  representative 
aromatic  plant,  Mentha  sp.,  proved  to  be  an  elective  inducer  of  zmg> 
fiasion  pn^uct  formation.  4-^orobenzoate  was  identified  by  HPLC  as  a 
metabolite,  indicating  hydrolysis  of  the  ring-fission  product  also 
oocutred.  These  results  suggest  that  oeitain  plants  may  produce 
metabolites  which,  if  present  in  the  riiizosphere,  may  promote  PCB 
oometaboUsm. 
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